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Abstract 
 
Zirconium based alloys are attractive materials for high temperature applications mainly 
in the chemical and nuclear sectors due to their excellent corrosion resistance, good 
mechanical and thermal properties with very low neutron absorption. Minor addition of 
nano oxides in zirconium matrix enhances mechanical properties by dispersion 
strengthening and its grain boundary pinning results in better high temperature stability. 
Moreover nano-sized oxide dispersion in the alloy suppresses the grain growth during 
annealing at high temperature results in the improvement of creep strength.  The elevated 
temperature yield strength and corrosion resistance of zirconium alloys can be increased 
by dispersion of nano-TiO2/Y2O3. 
 
The present study deals with nano-TiO2/Y2O3 (1.0-2.0 wt. %) dispersed Zr based alloys 
with nominal compositions: Zr45Fe30Ni20Mo5 (alloy-A), Zr44Fe30Ni20Mo5 (TiO2)1 (alloy-
B1), Zr44Fe30Ni20Mo4(TiO2)2 (alloy-B2), Zr44Fe30Ni20Mo5 (Y2O3)1 (alloy-C1) and 
Zr44Fe30Ni20Mo4(Y2O3)2 (alloy-C2) are synthesized by mechanical alloying (MA) in two 
ball mills (Mill-1: planetary and Mill-2: dual drive) followed by powder consolidation 
with conventional and spark plasma sintering (SPS) at 1400 
o
C and 900-1000 
o
C 
respectively. The microstructural and phase analysis of mechanical alloyed powders and 
consolidated products were studied by XRD, SEM/EDS and TEM followed by evaluation 
of physical (density), mechanical (compressive strength, hardness and wear resistance) 
and chemical (oxidation and corrosion resistance) properties. 
 
X-ray diffraction and TEM analysis reveal formation of different intermetallics of 10-30 
nm size along with TiO2/Y2O3 (10-20 nm) throughout the matrix. Alloys consolidated by 
spark plasma sintering was found to possess high levels of compressive strength (825-
1240 MPa) and hardness (10.38-16.85 GPa) which was 1.5-2 times higher than that 
obtained from conventional sintering. Addition of TiO2 and Y2O3 helps in enhancement 
of mechanical properties and effect of TiO2 was more prominent.Y2O3 dispersion displays 
better corrosion resistance, whereas, base alloy shows best oxidation property. 
 
After scrutinizing all characterizations and results it was concluded that dual drive ball 
mill was more efficient than planetary mill and SPS technique was found more efficient 
and advanced to produce product with better mechanical, oxidation and corrosion 
properties. Moreover, dispersoids helped in improving the key properties needed for 
structural and corrosion applications. 
 
Key words: Mechanical alloying; Zirconium alloy; SPS; TEM; Mechanical property; 
electro chemical property. 
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Chapter 1 
 
Introduction 
 
1.1 Introduction 
 
Zirconium alloys are the primary structural materials for nuclear and chemical sectors. 
Since 1960 Zirconium alloys are the principal cladding materials with excellent corrosion 
resistance, very low thermal neutron cross section and good mechanical properties [1--4]. 
Zirconium alloys have superior thermal properties compared to other traditional materials. 
The thermal conductivity of Zirconium alloys is 30% higher than stainless steel group of 
alloys and the linear coefficient of thermal expansion is one third the value of stainless 
steel which provide zirconium alloys superior dimensional stability at elevated 
temperature [5--7]. 
 
Due to the cost, early commercial nuclear power reactors used stainless steel to clad 
uranium dioxide fuel. In the preparation of nitric acid generally stainless steel of AISI 316 
and 304 grades have performed well within certain process conditions [8]. If the 
concentration of the chemical or applied temperature became too high the problem of 
corrosion attack increases. In these conditions the unique properties of zirconium alloys 
made the ultimate material to use in both nuclear and chemical sectors [9--11]. 
 
During last few decades, there has been significant technological interest in the synthesis 
of nano-structured materials by mechanical alloying (MA) [12--14]. In order to acquire 
nano-crystalline structure or amorphous phase, the alloys were treated by different non-
equilibrium processing techniques such as solid-state quenching, rapid solidification, 
mechanical cold work, irradiation/ion implantation and condensation from vapor. 
Powders of similar structure can also be formed by high energy deformation processing 
via mechanical alloying [15--17]. Over the past several years, there has been extensive 
development in producing high temperature materials for ever more demanding 
applications. The primary requirements of these alloys are high strength, high hardness, 
wear resistance, high creep resistance and high oxidation resistance at elevated 
temperature. 
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Iron, Ni-based metallic materials are the usual class of super alloys with high temperature 
strength, corrosion and oxidation resistance. Molybdenum is a commercial refractory 
material with high recrystallization temperature. Moreover, dispersion hardening 
improves creep resistance for structural materials. With these alloying elements and 
dispersoid (nano-oxide), there is a possibility of improving high temperature properties. 
Moreover, some of the Zr-based alloys have high glass forming ability for high 
temperature application [18, 19]. 
 
The process of sintering is the most important task for materials with high melting points. 
During sintering grain growth and densifications are two simultaneous processes and it 
has a great influence on microstructure [20, 21]. Spark plasma sintering (SPS) is an 
advanced sintering process that makes use of a microscopic electric discharge between the 
particles under pressure by plasma formation followed by Joule heating. This has been 
acknowledged to reduce the densification temperature to a great extent with minimum 
grain growth leading to high density products [22]. 
 
Alloying of Zr with elements such as Fe, Ni, Mo, and dispersoid addition may be a 
possibility to increase the high temperature strength of Zr-based alloys. Because the solid 
solubility of such alloying elements in Zr is limited, conventional melting casting process 
would not be appropriate to develop such high temperature alloys. Moreover, this route 
lags in control over grain refinement and homogeneous dispersion of oxides due to the 
density difference between oxide and the matrix [23--25]. Development of such high 
temperature alloys can only be possible by mechanical alloying to avoid the disintegrated 
melting casting processing route. Mechanical alloying improves grain refinement, 
homogeneous dispersion of oxide and the formation of non-equilibrium phases, leading to 
better mechanical properties [26--29]. 
 
The overall scope and objectives of this investigation are: (a) to synthesize the ODS 
alloys by dispersion of 1-2 wt. % TiO2/Y2O3 in Zr-Fe-Ni-Mo alloy by mechanical 
alloying and subsequent consolidation by conventional and spark plasma sintering 
techniques (b) study the effect of process parameters on microstructure, hardness, 
compressive strength, wear resistance, corrosion and oxidation resistance properties, and 
finally, (c) arrive at a detailed structure-property correlation to optimize the process 
parameters for fabrication of nano-TiO2/Y2O3 dispersed zirconium  alloys. 
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Major objectives of the present study are: 
 
 Synthesis of alloy powders Zr45Fe30Ni20Mo5 (alloy-A), Zr44Fe30Ni20Mo5 (TiO2)1 
(alloy-B1), Zr44Fe30Ni20Mo4 (TiO2)2 (alloy-B2), Zr44Fe30Ni20Mo5 (Y2O3)1 (alloy-C1) 
and Zr44Fe30Ni20Mo4 (Y2O3)2 (alloy-C2) by mechanical alloying involving two 
different mills: Mill-1 (high energy planetary ball mill), Mill-2 (high energy dual 
drive planetary ball mill). 
 
 Phase and microstructural characterization of powders obtained from Mill-1 and 
Mill-2 involving XRD, SEM/EDS, Particle size analyzer and TEM. 
 
 Study of recrystallization behaviour of final milled powders obtained from both 
the mills by TG/DSC. 
 
 Phase and microstructural characterization of conventional and spark plasma 
sintered (SPS) products by XRD, SEM and TEM. 
 
 Evaluation of physical (Density) and mechanical properties (Hardness, 
Compressive strength and Wear resistance) of sintered products. 
 
 Corrosion, Iso-thermal and Non-isothermal oxidation study of the consolidated 
products. 
 
 Correlation of process parameters and addition of dispersoids (TiO2/ Y2O3) with 
mechanical (Hardness, Compressive strength and Wear resistance) and chemical 
(Corrosion, Iso-thermal and Non-isothermal oxidation) properties of all the alloys 
sintered by conventional and SPS process. 
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1.2 Structure of Thesis 
 
This thesis contains seven chapters. Chapter-1 introduces the concept and back ground of 
the present work. The discussion includes an overview of the objectives of the present 
study. 
 
Literature survey on high temperature materials, application in nuclear and chemical 
sector, and how zirconium alloys can fulfill these requirement and development of ODS 
zirconium alloys by mechanical alloying has been incorporated in chapter-2. 
 
Chapter-3 describes experimental procedures of powder production of all the alloys with 
1-2 wt. % nano-TiO2/Y2O3 dispersion, sintering process (conventional and spark plasma 
sintering) and characterization of microstructure, phase aggregate, physical/mechanical 
properties of interest. 
 
Chapter-4 is focused on synthesis of alloy powder and results obtained from powder 
characterization. Consolidation of alloy powders by different techniques and 
characterization of sintered products, and results are described in Chapter-5 and Chapter-
6. The conclusions drawn from the present study are summarized in Chapter-7. 
Bibliography details are provided after these chapters. 
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Chapter 2 
 
Literature Review 
 
2.1 High Temperature Materials and its Applications 
 
High temperature materials provide the fundamental support for extensive area of 
technology covering energy, electronic, photonic and chemical applications [30, 31]. High 
temperature metallic material starts from plain carbon steel to metals of the platinum 
group. These alloys have high strength, high hardness, wear resistance, creep resistance 
and high oxidation resistance at elevated temperatures. They can be iron base alloys, 
nickel base alloys, cobalt base alloys or refractory metals and alloys [32, 33]. Some of the 
high temperature materials and their industrial applications are given in Table 2.1. The 
metallic materials used for high-temperature purposes can be categorized into a few 
distinctive groups based on composition and structure. 
 
Table 2.1: Different high temperature materials and their uses 
High temperature materials  Uses 
 
 
Irons and 
Steels 
 
Cast irons 
 Combustion and heat-treatment 
equipment. 
 
Ferritic steels 
 Cold-water tanks and refrigeration 
cabinets. 
 
Austenitic steels 
 Wrought products and aviation 
construction parts. 
  
Nickel-chromium Alloys 
 As electric heating element and 
furnace parts. 
 
 
 
Superalloys 
 
Iron-based superalloys 
 Tool making to specialized medical 
and chemical synthesis applications. 
 
Nickel-based superalloys 
 Jet engine components, corrosion 
resistant chemical process equipment 
and heating elements. 
 
Cobalt-based superalloys 
 Prosthetic devices, magnets 
and cutting tool binders. 
 
 
 
 
 
Tungsten alloys 
 Filaments for electric bulbs, electric 
contacts, heating elements, radiation 
shields and rocket nozzles. 
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Refractory 
Metals 
 
Molybdenum alloys 
 Heating elements for high temperature 
furnaces, hooks and grids in 
thermionic valves in electric industry, 
hot working tools and dies. 
 
Zirconium alloys 
 Construction material (corrosion 
resistance), vacuum tubes (electrical 
engineering), pyrotechnical use, 
Cladding material, catalyst (as Zr 
organic compound). 
 
Other 
Metals 
 
The metals of the 
platinum group and 
alloys 
 For thermocouple wires, glass melting 
and working equipment, crystal-
growing crucibles and aircraft spark 
plugs etc. 
 
The main fields in which high temperature materials are used are categorized below.  
 Energy Generation and Conversion Sectors: 
 Steam Turbines: In the world, majority of the power generation was provided 
by oil or coal fired steam, using maximum temperature of about 700 
o
C. In 
these steam generating plants some components reach high temperature and 
may be in severe corrosion and erosion attack. Some critical components are 
super heater tubes and tube supports. Piping and valves carrying steam from 
boilers to turbines are highly stressed and may also suffer steam erosion. In the 
turbines the casings and casing bolts are highly stressed due to the steam 
pressure, while the rotors, blades and nozzles have forced stresses due to 
centrifugal forces, gas pressure and thermal changes. The exploration and 
production of oil and gas is totally dependent on specialized steels. The 
alloying elements of steels for strength and durability are nickel, molybdenum, 
manganese, cobalt, vanadium and tungsten [34]. 
 
 Nuclear Reactors: High temperature material problems arise in all types of 
nuclear reactors with fuel cans. This is due to stress produced by fuel expansion 
and corrosion by the coolant. Almost all the nuclear reactors operating with 
water cooled or gas cooled systems, generate steam at temperature range of 
250-500 
o
C [35]. But in the new type of reactors coolant temperature exceeds 
600 
o
C and above this temperature problems arise, especially in heat 
exchangers, steam generators, transfer piping and valves by corrosive or erosive 
attack by the coolant. The high temperature materials suggested for nuclear 
applications are nickel-super alloys, silicon carbide, high corrosion resistance 
steels and refractory alloys. Depending on the particular reactor design, there 
 Chapter 2 Literature Review 
7 
 
may be zirconium plus tin, niobium, iron, chromium nickel (Zircaloy) for fuel 
cladding. 
 
 Coal Conversion Sectors: Processes involving coal like conventional burning, 
fluidised bed combustion, gasification and liquefaction may involve 
temperatures varying from about 400-1600 
o
C at high pressure. But the metal 
temperatures of plant components are normally restricted to less than 700-800 
o
C. The combustion gases containing carbon, sulphur, hydrogen, oxygen and 
their compounds provide a severe corrosive and erosive environment. The 
components exposed to severe conditions include the internal parts of 
combustion beds or reaction zones, transfer pipes, valves, probes and heat 
exchangers. For majority of coal fuels electricity generations, specialist steels 
are essential for turbine manufacture [34]. 
 
 Transport: 
 
 Aircraft and Space Vehicles: Super alloys are used for air craft gas turbine 
applications. As these materials can resist the creep and fracture at temperature 
range of 700-1100 
o
C. These alloys are mainly required for resisting the high 
centrifugal or thermal stresses on the blades. For space travel the rocket motor 
may get into severe problems at high temperature. The high velocity and 
temperature the exhaust gas generates high thermal stress and erosion action. In 
the aerospace sector, there is a need for light alloy materials that can retain 
strength at high temperatures in turbines components [36]. 
 
 Marine: Ingested salt from marine environment can causes corrosion problems 
in gas turbines used in naval vessels. Merchant ships are mainly based on the 
diesel engine in which a number of critical components are subjected to severe 
mechanical or thermal stresses and corrosive attack at high temperatures. The 
highest temperature (about 800 
o
C) is reached in pre-combustion chambers and 
in exhaust valves, associated with high mechanical stress. Exhaust components 
are similar in principle to gas turbines and encounters problems of creep and 
thermal fatigue. Nickel base super alloys are generally used in turbines for 
marine vessels. 
 
 Road and Rail: Road and rail transport uses diesel engines, which operate at 
high speeds causing its component stressed at high temperature. In spark 
ignition engines in automobile, the exhaust valves temperature may reach 700 
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o
C and spark electrodes may reach 800 
o
C. A massive amount of low grade 
steel is used to support underground roadways whereas more specialized steel 
are used in rails [37]. 
 
 Chemical Sector: 
 
 For the conversion of feed stock, in oil, chemical and other industries, a wide 
range of chemicals are required [38]. These processes involve treatment at 
elevated temperature or even at high temperatures and pressures. Suitable 
materials for high temperatures under inert conditions in chemical industries are 
materials with high corrosion resistant and chemical compatibility [39]. 
Stainless steel, molybdenum, titanium and zirconium alloys are used as 
structural materials in chemical plants. 
 Thermal Processing:  
 Thermal processing is an essential step in many industries in the production 
procedure and for construction of such plant, it involves materials which are 
resistant to the required temperature and environment conditions. The metal 
industry, cement and refractory industries require furnaces for the treatment of 
materials, while the ceramic and glass producers similarly operate melting and 
firing furnaces. These industries operate at temperature even above 1400 
o
C and 
oxidation occurs at this elevated temperature. Refractory materials and their 
alloys are suitable for such thermal processing industry. 
Nuclear and chemical industries require special attention due to irradiation condition and 
high temperature oxidation. 
 
2.1.1 Nuclear Industry 
 
In 1954, USSR constructed the first nuclear power plant and the first commercial nuclear 
power plant was constructed in USA in 1957. Presently around 450 nuclear reactors 
produce electricity throughout the world. More than 15 countries rely on nuclear power 
for 25% of their electricity. The nuclear share of electricity is over 30% in Europe and 
Japan. In the USA 20% of electricity created by nuclear power reactors [40]. China, India, 
USA, Russia and Japan have strong commitment to nuclear power. Other countries are 
acting to increase the role of nuclear power in their economies. 
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After thermal, hydroelectric and renewable sources, nuclear power is the fourth-largest 
source of electricity in India. India has 7 nuclear power plants having a capacity of 5780 
MW electricity and producing a total of 30,292.91 GWh [41]. India is now trying to 
increase the contribution of electricity generation by nuclear power from 2.8% to 9% 
within next 25 years. It is estimated that by 2025, India’s installed nuclear power 
generation capacity would be 20 GW. Figure 2.1. Shows the world nuclear share in 
electricity. Global nuclear industry growing faster to build nuclear power as a long-term 
alternative. 
 
Figure 2.1: Nuclear share in electricity 2012/2011 [40] 
Nowadays in nuclear power plant danger caused by the equipment failure is the most 
important concern. Basically the failure occurs at high temperature due to high reactivity 
of fuel and cladding materials. The best example of hydrogen explosion due to the 
reaction between cladding material and water was happened at Three Mile Island nuclear 
power plant in 1979. Materials for nuclear reactors must simultaneously withstand the 
effects of high temperature, intense gamma radiation and bombardment by neutrons [42]. 
At the same time they must be capable of containing the highly radioactive fission 
product produced in the nuclear reaction. With above mentioned properties, the materials 
with low rate of corrosion with fuel were the best option for nuclear cladding materials or 
in-core structural materials. 
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2.1.2 Chemical Industry 
 
Chemicals became basic need in every day’s human life and they are helpful to survive in 
critical situation. The Chemical Industry is the main stream to the modern world economy 
[43]. The Asia-Pacific market was wide open for chemical industries to manufacture and 
sale. Figure 2.2 and 2.3 shows the percentage shift of chemical industry of Asia from1985 
to future 2030, and world chemicals sales by region from 1999 to 2009 respectively. 
Chemicals manufacturing and sale is a huge economic option for the Asian-Pacific 
market. The rise of Asian-Pacific market provides India a chance to supply more 
chemicals.  
 
In India the chemical sector contribution was 14% in overall industrial productions [38]. 
India has 3
rd
 place in producing chemical in Asia after China and Japan. The chemical 
sector accounts 7% of GDP and 11% of National export in India [44]. 
 
 
Figure 2.2: Percentage shift of chemical sector to Asia [43] 
 
In chemical industry, sulfuric acid has multiple applications. Phosphate and nitrogen 
based fertilizers can be manufactured by using large quantities of sulfuric acid. Not only 
sulfuric acid, there are some other chemicals which can be useful in industrial processing 
including nitric acid, hydrochloric acid, ammonia etc.  In the plants using these acid in 
one or more process steps generally results in severe corrosion problems. The reactivity 
was high at higher temperature and high concentrations [45]. 
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Figure 2.3: World chemical sales by region [38] 
 
Due to the corrosion attack by these chemicals, thermal cracking occurs in the structural 
material at high temperature and even at high concentration. The materials with high 
corrosion resistance chemical compatibility are fit for these requirements. 
 
2.1.3 Requirements 
 
Materials for nuclear and chemical industry must withstand the effects of high 
temperature. These materials should sustain in harsh environment for a prolong period of 
time even at high temperatures and pressures [46]. 
 
The major structural material requirements for nuclear reactors are: 
a) Good mechanical properties (Strength, Hardness, Wear resistance and Creep 
resistance). 
b) Low absorption of neutrons. 
c) Radiation stability (under intense gamma and neutron irradiation). 
d) Corrosion resistance (with fuel, moderator and coolant): Bulk and surface stability 
against oxidation and corrosion during prolonged exposure to the fuel cell 
environment. 
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e) Good thermal stability (Thermal expansion compatibility with the other stack 
components). 
If neutron absorption of stainless steel would have less, it could be the ideal structural 
material for nuclear reactors. To continue the chain reaction the fuel would have to be 
enriched with fissile material. But, the range of materials is limited to carbon (graphite), 
beryllium, magnesium, zirconium and aluminum. 
 
Due to inherent porosity graphite is not suitable for containing moderator or coolant. In 
addition to this, it has poor mechanical properties under complex loading. Beryllium is 
brittle at room temperature, difficult to fabricate and expensive. Aluminum and 
magnesium have relatively low melting points (650-660 
o
C) and have insufficient strength 
for components such as pressure tubes, especially if elevated temperatures are involved. 
Zirconium is the most suitable material for in-core components. But, pure zirconium has 
insufficient strength or creep resistance so it must be alloyed to improve mechanical 
properties. Limited alloy additions are acceptable so that does not increase neutron 
absorption leading to necessary fuel enrichment [8]. 
 
Some notable requirements for the structural materials in chemical industries are: 
a) Chemical compatibility: Chemical compatibility with other materials in contact 
with inter-connects such as seals and cell materials. 
b) Corrosion resistance. 
c) Mechanical reliability and durability at the device’s operating temperature. 
 
Ferritic and austenitic steels have been used for different high temperature applications in 
oil and chemical plants and in power generation equipment. However, there are particular 
characteristics of these two classes of material which severely restrict their range of 
application in terms of permissible operating parameters and these can lead to failures in 
service. The excellent corrosion resistance in many organic/inorganic acids, good strength 
and ductility at moderately high temperatures made zirconium the suitable material for 
chemical industry [8]. 
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2.2 Zirconium Alloys 
 
Zirconium is a commercially available refractory metal with excellent corrosion 
resistance, good mechanical properties and very low thermal neutron cross section. The 
unique properties of zirconium made it ideal cladding material for the U.S. Navy nuclear 
propulsion program in the 1950's. The earlier commercial nuclear power reactors used 
stainless steel to clad the uranium dioxide fuel due to cost. But by mid-1960 zirconium 
alloys were the principal cladding material due to the superior neutron economy and 
corrosion resistance. These same zirconium alloys are convenient to designers of high 
level nuclear waste disposal containers as internal components or external cladding 
materials [48]. The advantages of zirconium alloys for long term nuclear waste disposal 
include exceptional radiation stability and 100% compatibility with existing Zircaloy fuel 
cladding to ease any concerns of galvanic corrosion. 
 
Zirconium was discovered by Klaproth in 1789. In 1925 Van Arkel and De Boer refined 
and produced high purity zirconium. The first zirconium material was used in the 
electronic industry for residual gas gettering. US Bureau of Mines developed the 
Zirconium sponge in 1947. In 1949 zirconium was selected as the structural material for 
nuclear reactors of submarines due to its good mechanical properties and low neutron 
absorption cross section. Thermal neutron cross sections of some elements given in Table 
2.2. In the late 1950’s zirconium became the chemical process equipment in severe 
corrosion environments. In 1960’s zirconium became main cladding material for water 
cooled reactors. By the middle of 1970, world production of zirconium was about 4000 
tons and been used 55% in commercial nuclear reactors, 30% in US naval nuclear 
reactors, and 15% as chemical process equipment. Magnesium and aluminums were 
replaced by zirconium also for photoflash applications and can be used as getter for 
oxygen and other gases. Moreover, Zirconium intermetallics are suitable as hydrogen 
storage materials [8, 47]. 
 
Table 2.2: Thermal neutron cross section (10
-28
 m
2
) [8] 
 
Element 
 
Al 
 
Steel 
 
Fe 
 
Pb 
 
Mg 
 
Ni 
 
Ti 
 
Zr 
 
Zircaloy-4 
Thermal 
neutron cross 
section 
 
0.23 
 
3.1 
 
2.56 
 
0.17 
 
0.05 
 
4.5 
 
6.1 
 
0.18 
 
0.22 
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2.2.1 Properties of Zirconium Alloys 
 
Zirconium alloys are much attractive materials in the fields of chemical and nuclear 
sectors for high temperature activities due to its low thermal neutron cross section, good 
mechanical and corrosion properties. Some of Zirconium and its alloy properties are 
mentioned in Table 2.3. Zirconium alloys mechanical properties are given in Table 2.4. 
From Table 2.4 it can be noticed that the elastic limit and tensile strengths are 
substantially increasing with the higher alloy content of the material, while the elasticity 
remains almost constant. The main reason for the modest elasticity value is the material’s 
hexagonal atomic structure, due to having the limited number of glide planes. 
 
Table 2.3: Physical and Mechanical properties of Zirconium, Zircaloy-2 and Zircaloy-4 
Property Zr Zircaloy-2 Zircaloy-4 
Density, g/cc 6.5 6.55 6.55 
Melting T, 
o
C 1845 1830 1850 
o
C 
Transition T, 
o
C 862 1000 - 
Recrystallization T, 
o
C 450-550 550-600 - 
Thermal neutron Cross 
section (barns) 
0.18 >0.18 - 
Ultimate Strength-psi 34800 68600 - 
Yield Strength-psi 9900 44800 - 
Elongation-% 47 22  
Crystal structure (α phase) Hexagonal <865 
o
C 
- 810 
o
C 
Crystal structure (β phase) β - 865 to 1845 
o
C - bcc 
- 980 
o
C 
Coefficient of expansion 
(α), /oC 
10
-4
 x 6.38 - 6 
Thermal conductivity (k) 
cal/cm-s-
o
C 
0.050 0.035 0.0513 
Heat capacity  
(C) J/g-
o
C 
- - 0.285 
Hardness (Rb) - - 89  
Modulus of elasticity 
(GPa) 
- - 99.3 
Poisson’s ratio - - 0.37 
Shear modulus 
(GPa) 
- - 36.2 
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Table 2.4: Mechanical values of zirconium and zirconium alloys 
Grade Zr702 Zr704 Zr705 Zr706 
Tensile strength in MPa 379 411 552 510 
Elastic limit 0.2% in MPa 207 241 379 345 
Elasticity in% 16 14 16 20 
 
Zirconium is categorized as a reactive metal because it forms a solid and neatly packed 
layer of zirconium oxide on the surface without electrolyte. The oxide layer is noble and 
very stable, providing the underlying metal with optimum protection against all kinds of 
chemical reagents. Zicaloy-4 corrosion rate in different chemical media is given in Table 
2.5. Zirconium resists corrosive attack in most organic and mineral acids, strong alkalis, 
and some molten salts. Solutions of nitric acid (HNO3), sulfuric acid (H2SO4), and 
hydrochloric acid (HCl) with impurities of ferric, cupric and nitrate ions generally result 
in corrosion rates of less than 0.13 mm/a (5 mpy) even at temperatures well above the 
boiling point curve [8]. A tightly adherent and protective oxide film protects the metal-
oxide interface to provide corrosion resistance. An additional benefit for zirconium alloys 
in long-term geological disposal options is the inert nature of zirconium oxide. 
Application of zirconium alloys alleviates the concern of nickel and chromium 
contamination in the ground water in severely corroded spent fuel containers. 
 
Table 2.5: Corrosion rate of Zicaloy-4 in different chemical reagent 
Corrosion media Concentration (%) Temperature (
o
C) Corrosion rate 
(mm/a) 
HCl 70 160 0.36 
HNO3 70 120 0.05 
H2SO4 70 150 <0.13 
CuCl2 0.1 144 0.03 
FeCl3 1 135 0.18 
NaCl 25 250 nil 
 
2.2.2 Applications of Zirconium Alloys 
 
The key characteristics of Zr metallurgy come from its strongly anisotropic hexagonal 
crystal structure which during thermo-mechanical processing leads to the development of 
a textured material. It has high reactivity with oxygen and due to different types of 
chemical interactions with the alloying elements, shows both complete solubility and 
intermetallic compound formation. 
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Different types of zirconium alloy grades used in water-cooled nuclear reactors and are 
also available for nuclear waste disposal components. The materials with low hafnium 
content are suitable for nuclear action. The hafnium content shouldn’t reach more than 
0.010%. The American Society for Testing and Materials (ASTM) reported widely used 
reactor grades of zirconium alloys. Commercial Zirconium alloys and their compositions 
were mentioned in Table 2.6. Zircaloy-2 (Grade R60802) has been predominantly used as 
fuel cladding in Boiling Water Reactors (BWR) and as calandria tubing in CANadian 
Deuterium Uranium (CANDU) reactor types. Zircaloy-4 (Grade R60804) has no nickel 
and increased the iron content for less hydrogen uptake in certain reactor conditions for 
eliminating the hydrogen embrittlement problem. The alloy is typically used as fuel 
cladding in Pressurized Water Reactors (PWR) and CANDU reactors. Controlled 
composition Zircaloy offers optimized in-reactor corrosion resistance by adjusting the 
alloy aim point within the ASTM specification ranges. Zircaloy-4 has lower tin (1.3%) 
and higher iron (0.22%) than the standard grade. Zr-2.5Nb (Grade R60904) is a binary 
alloy with niobium to increase the strength [8, 49]. The alloy has been utilized for 
pressure tubes in CANDU reactors. Non-reactor grade Zirconium 702 (Grade R60702) 
has 4.5% maximum hafnium.  
Table 2.6: Composition of commercial zirconium alloys 
Alloy Tin Iron Chromium Nickel Niobium 
Zircaloy-2 1.2-1.7 0.07-0.20 0.05-0.15 0.03-0.08 - 
Zircaloy-4 1.2-1.7 0.18-0.24 0.07-0.13 - - 
Zr-2.5Nb - - - - 2.4-2.8 
 
Zircaloy-2 and Zircaloy-4 have a hexagonal close-packed (HCP) crystal structure at room 
temperature which is alpha phase. The beta phase is body centered cubic (BCC) and 
begins to form upon heating around 810 
o
C. The complete beta transform occurs at 980 
o
C 
temperature. Zircaloy exhibits anisotropy as a result of the HCP crystal structure. The 
hexagonal crystal deforms by both slip and twinning to produce a strong preferred 
orientation of the crystals (texture) during cold working. The anisotropic properties of 
Zircaloy strip results in significantly higher yield strength values in the transverse 
direction due to the orientation of basal planes orientation about 35 degrees. 
Pure zirconium has low strength and low corrosion resistance in water reactors. Up to mid 
1980’s only four commercial alloys were used. For fuel assembly Zircaloy-2, Zircaloy-4 
and Zr-1Nb are used and Zr-2.5Nb for pressure tubes. The total supply of the Zirconium 
is 7000 mt [50] in which 5000 mt can be used in nuclear sector and 2000 mt is used in 
non nuclear sectors. It is important to note that about 70% of all metallic zirconium goes 
 Chapter 2 Literature Review 
17 
 
into the nuclear industry which utilizes the element’s property as a low neutron absorber. 
The amount used by different countries through the total supply of 7000 mt is Wah Chang 
2000 mt, Cezus 1800 mt, Toshiba-Westinghouse 1000 mt, China 800 mt, India 400 mt 
and Russia 1000 mt as shown in Figure 2.4, Zirconium alloy uses in nuclear and non 
nuclear applications are shown in Figure 2.5. 
 
 
 
Figure 2.4: Total zirconium supply by different countries [50] 
 
 
 
Figure 2.5: Zirconium alloy uses in nuclear and non-nuclear fields [50] 
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2.3 Oxide Dispersion Strengthened (ODS) Alloys 
 
Oxide Dispersion Strengthened (ODS) alloys are very important high temperature alloys 
for many areas due to their thermal stability and high strength at high temperatures. 
Oxides are different from their metals. They have higher melting point and mostly the 
metal and oxides differ from their inter-atomic bonding. The main advantage of ODS 
alloys is their ability to maintain high strength and creep resistance at elevated 
temperatures of the order of 80% of the matrix melting point [51, 52]. In oxide dispersion 
strengthening process, the resistance to the motion of dislocation is increased by 
introducing finely divided hard particles of second phase in the matrix. The increased 
hardness and T.S. is due to the interaction of the stress field around the particles with the 
stress field of a moving dislocation and also due to a physical obstruction by the hard 
particles to the moving dislocations [53]. The dispersion particles are normally oxides 
carbides, borides, etc. 
 
The extent of strengthening or hardening produced depends upon the amount of second 
phase particles, characteristics and properties of second phase and particle size, shape and 
distribution. As the amount of second phase increases, hardness increases. For a given 
amount of second phase, the hardness and T.S. depend on the particle size, shape and 
distribution [54, 55]. Too fine and too course particles have less hardening and 
strengthening effect. The distance between the particles i.e. the inter particle distance 
depends on their size. Finer the particles, lesser is the inter particle distance because the 
particles come closer to each other. Coarser the particles, more is the inter particle 
distance. Therefore maximum hardening/strengthening is observed at some intermediate 
spacing of particles, not too small and not too large (10
-4
 cm). Amongst the round, disc 
and needle shaped particles, needle shaped particles have better hardening and 
strengthening effect. For better and uniform properties, the distribution of particles should 
be uniform. The optimum properties are usually observed at a concentration of particles 
from 2 to 15% by volume [56, 57]. 
 
The increase in yield strength due to very hard and inert fine particles is given by: 
τ = Gb/l         (2.1) 
where, G is the shear modulus of the crystal, b is the Burger’s vector and l is the mean 
spacing between the particles. The above equation gives the stress necessary to move a 
dislocation line of length l pinned at both the ends with a Burger’s vector of b i.e. to 
operate a Frank-Reed source of length l through a matrix of shear modulus G. 
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Sintered aluminum powder (SAP) and thoriated polycrystalline tungsten are the common 
examples of this type. Hard alumina particles are dispersed in soft aluminium matrix and 
thorium dioxide particles are dispersed in tungsten [58]. Another common class of ODS 
alloy is thoria dispersed nickel system.  
 
2.3.1 High Temperature Applications of Various ODS Alloys 
 
Oxide-dispersion-strengthened (ODS) alloys have potential for use in demanding 
elevated-temperature environments, such as aircraft turbine engines and heat exchangers. 
Some industrial applications of ODS alloys are mentioned in Table 2.7. These alloys 
possess good elevated-temperature strength and over-temperature capacity plus excellent 
static oxidation resistance [59, 60]. 
 
Table 2.7: Industrial applications of ODS alloys 
Industry sector Alloy base Component/application 
 
 
Aerospace/military 
 
Fe Gas turbine combustor liners Fuel nozzles 
shrouds. 
Ni Turbine, compressor blades, nozzle guide vanes. 
Al Low density aerospace forgings, spars, ribs, wing 
tip panels, compressor vanes, torpedo hulls Spars, 
ribs, wing tip panels, compressor vanes, torpedo 
hulls. 
 
 
Automotive 
 
Fe Diesel fuel inlet atomizer Turbo chargers. 
Ni Recombustors. 
Al Composite pistons, compressor rotors, vanes, 
impellors. 
 
Power generation 
Fe Burner nozzles High temperature heat exchangers 
Ni Gas turbine compressor blades. 
 
Furnace furniture etc 
 
 
Fe 
Nozzles, stirrers, insert tubes–glass, Furnace skid 
rails, charge carriers, Creep/fatigue rig test bars, 
Heating element wires. 
 
 
2.3.2 Synthesis of ODS Alloys 
 
The interest of high temperature materials includes not only advanced alloys, but also 
oxide and non oxide ceramics. Synthesis and the processing of high temperature materials 
can be hard. Different material processing techniques, such as casting and sintering are 
performed above the application temperature, which is difficult for high temperature 
materials. One can find difficulty in the joining of high temperature materials from 
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individual materials. High temperature processes are of energy hungry techniques. 
Minimizing the energy loss and improving energy efficiency during high temperature 
material processing appeared to be an important target to work for developing a new 
product line. High melting points of high temperature material make powder 
metallurgy the method of choice for fabricating components from these metals [61, 62]. 
Ceramic dispersion in base alloys becomes more difficult with increasing melting 
temperature. Low temperature alloys can be mechanically stirred while they are liquid. 
Noble metals can have reactive components that oxidize in situ to form nanometer sizes 
dispersed ceramics. Processing alloys with high melting temperature components is 
almost exclusively done through powder metallurgy [63, 64]. 
 
For low temperature alloys, such as aluminum and magnesium, the large two-phase or 
slush region encountered on solidification allows mechanical alloy dispersion. These 
alloys can be sheared by flowing through a porous ceramic filter, as is standard casting 
practice, or mechanically agitated with a ceramic or ceramic coated impeller. Metallic 
impellers are susceptible to liquid metal corrosion even when fabricated from refractory 
metals. To overcome the surface tension of the metal, shear dispersion requires a 
significant amount of mechanical agitation [65]. 
 
High temperature oxide dispersion strengthened alloys are most commonly mechanically 
alloyed and mixed via ball milling and powder pressing. By mechanically mixing of 
powders there may be reduction of particle size to the order of ~1µm and energy can be 
stored on the free surface of each particle. There is also a substantial enthalpy gain from 
the introduction of dislocations during the severe plastic deformation during milling [66]. 
This energy is then released in the sintering step to reduce the total energy of the system. 
The release of surface energy allows the grains to remain small and prevents solute 
segregation. Powder metallurgy finds much of its roots in research that was performed do 
develop high temperature oxide dispersion strengthened alloys. The achievements in ODS 
alloys started from Thoriated tungsten in 1910, SAP Aluminum in 1950, Thoriated (TD) 
Nickel in 1960 and to TD Nichrome around 1965 [67]. 
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2.4 Mechanical Alloying 
 
Mechanical alloying (MA) is a notable process to produce super alloys and nano 
structured materials at room temperature [68, 69]. MA technique involves powder 
processing in a high energy ball mill. In the beginning it was difficult to produce nickel 
base super alloys due to their thermal instability. After long search to find the way of 
producing high temperature alloys, MA was found to be a suitable technique. 
Development of such high-temperature alloys can only be possible by mechanical 
alloying to avoid the disintegrated melting casting processing route.  Starting from the 
blended elemental powders to homogenization of alloy MA has capable of synthesizing a 
variety of equilibrium and non-equilibrium phases. Including supersaturated solid 
solutions, MA has proven its potential in producing variety of metastable, quasi 
crystalline phases, nano structures and amorphous alloys [70, 71]. 
 
It is known that alloying is a process to make an alloy (metallic substance) made by 
mixing and fusing one metal with one or more than one metal or nonmetal, to obtain 
desirable qualities such as hardness, strength etc. and it is the common technique at least 
for low temperature materials. MA has been discovered as easily carried out technique for 
high temperature material and for the production of nano-powder [25]. From the past 50 
years the chronological development of MA was mostly concerned with the development 
of ODS (Oxide Dispersion Strengthened) alloys. Currently there has been a wide research 
for novel applications of MA products and is also continuing for developing newer and 
better materials through MA. From the early 1970’s to 1990’s there has been a rapid 
development of mechanical alloying in producing ODS alloys, amorphous materials, nano 
crystalline phases etc. Alloys produced by mechanical alloying were given in Table 2.8. 
 
Table 2.8: Alloys produced by MA in the mid 1990’s [12, 14, 23, 27, 28, 29] 
Type of Material Alloys 
Light alloys Al-Mg-Li 
ODS alloys FeCrAl+Yttria; Al-Fe-Ce (RS) 
MMCs Al-SiC 
Intermetallics Cr3Si; MoSi2; NiTiAl 
Cermets Ni-TiC (reactive milling) 
Metastable systems Fe-Zr; Co-Zr (amorphous/glassy) 
Nano-crystalline materials Cu-Ta; Fe-Ta-W 
Superconductors Si-Pb (metallic); Ba-Ln-Cu (ceramic) 
Super-corroding alloys Mg-Fe 
Magnetic materials Fe-Nd-B 
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The chronological development of mechanical alloying was given in Figure 2.6 and 
Figure 2.7 which indicates the publications concerning materials developed by 
mechanical alloying. 
 
 
Figure 2.6: Chronological developments of mechanical alloying [72] 
 
Figure 2.7: Number of publications concerning materials developed by mechanical alloying [28] 
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Some breakthroughs in the development of mechanical alloying are [64]: 
 In 1966 The International Nickel Company (INCO) developed ODS nickel-base 
alloys for turbine applications. 
 In 1970 ball mill technique was developed to produce oxide dispersion 
strengthened alloys for high temperature structural applications. 
 In 1983 MA method has been successfully employed for the formation of 
Ni60Nb40 amorphous alloy. 
 In 1987/88 Synthesis of nano-crystalline phases and in 1989 Synthesis of quasi-
crystalline phases reported. 
 In 1998 homogeneous nano composites of Al and SiC has been prepared. 
 
 
2.4.1 Potential of Mechanical Alloying 
 
Powder metallurgy begins with the production of metal or non metal powders. There are 
various methods for the manufacture of powders and each method gives a powder of 
different size, shape and distribution and has different characteristics. Therefore a right 
type of powder in the correct proportion must be used for obtaining the desired properties 
in the final sintered product. 
 
MA is able to synthesize advanced materials by bringing them to metastable state or non 
equilibrium state by external dynamical forces [73, 74]. These dynamical forces would be 
in the form of either thermo dynamical or physical. Thermo dynamical processes involve 
melting, evaporation, and irradiation are waste of energy. Different methods like solid 
state quenching, rapid solidification, irradiation/condensation from vapour operates at 
different heating/quenching rates. Among the physical processes, mechanical alloying has 
high departure energy from equilibrium [75]. Different types of processes and their 
departure energies from equilibrium are mentioned in Table 2.9. 
 
 
 
 
 
 
 
 
 Chapter 2 Literature Review 
24 
 
Table 2.9: Different techniques and their heat/quench rate, and departure energies from 
equilibrium [12, 74] 
 
Processes 
 
Techniques 
 
Heat/Quench 
rate 
(K/s) 
Departure energies 
from equilibrium 
(kJ/mol) 
 
Thermal 
Solid state quench 10
3
 16 
Rapid solidification 10
5
-10
8
 24 
Irradiation/ion implantation 10
12 
30 
Condensation from vapour 10
12 
160 
Physical Mechanical alloying - 30 
Mechanical cold work - 1 
 
With the above mentioned 30 kJ/mol Maximum departure energy from equilibrium, 
Mechanical Alloying improves grain refinement, homogeneous dispersion of oxide, and 
the formation of non-equilibrium phases, leading to better mechanical and high-
temperature properties. 
 
In early 1970’s, Benjamin and co-workers [76] found that during milling, the oxide layers 
formed on the surface of powder particles of nickel or aluminium in an oxidising 
atmosphere, are fractured and further these oxides are incorporated into the solid powder 
particles via cold welding. In early 1980’s, Koch [77] reported milling of Ni and Nb 
mixer for a long time that produced an amorphous alloy powder. Mc. Cormick and 
Schaffer [78] reported that chemical reactions occur between Ca and CuO prompted by 
high-energy mechanical milling. 
 
The most important application of mechanical alloying is synthesis of ODS alloys. These 
alloys have typical compositions and it is difficult to process them through conventional 
metallurgy methods. Mechanically alloyed materials are strong both at room and elevated 
temperatures. The elevated temperature strength is derived from different mechanism. 
First, the uniform dispersion of very fine oxide particles (commonly used are Y2O3) 
which are stable at high temperatures, obstruct dislocation motion in the metal matrix, and 
increase the resistance of the alloy to creep deformation. Another function of the 
dispersoid particles is to impede the recovery and recrystallization processes, which allow 
a very stable grain size to be obtained. These grains resist grain rotation during high-
temperature deformation. Moreover, the homogeneous distribution of alloying elements 
during MA gives the solid solution strength.  
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2.4.2 Effect of Mills on Mechanical Alloying 
 
The effect of MA depends on some important factors in the fabrication of homogeneous 
materials. The main factor that effects the particle size distribution, degree of disorder and 
amorphization is the type of mills [77, 78]. The attritor was invented by Szegvari for 
vulcanization process of rubber. The first high energy ball mill was attritor ball mill and 
was used by Benjamin. Generally high-energy milling equipment is used to produce 
mechanically alloyed powders. The main differences between those mills are their 
capacity, efficiency of milling and additional arrangements for cooling, heating, etc. 
Planetary mills, vibratory mills and ball mills are the mostly used in Laboratories. Some 
mills and their capacities are mentioned in Table 2.10. 
 
Table 2.10: Mills and their capacities [67] 
Mill type Maximum Sample 
weight 
Mixer mills 40g 
Planetary mills 1000g 
Uni-ball mill 8kg 
Attritors 100kg 
 
SPEX shaker mills:   These mills are used for laboratory uses to mill about 10±20 g of  
the powder   at a time.  
Planetary ball mills:  A few hundred grams of the powder can be milled at a time. The 
highest speed is 360 rpm. 
Attritor mills:           Attritors are the mills in which large quantities of powder (0.5 to 40 
kg) can be milled at a time. The capacity (volume) ranges between 
3.8 × 10
-3
 m
3
 to 3.8 × 10
-3
 m
3
. The rotational speed about 250 rpm 
(4.2 Hz). 
Commercial mills:     Commercial mills are used for industrial purposes, to produce up to 
about 1250 kg capacity. 
 
Initially the starting elemental powders usually agglomerate at the early stage of milling 
in ball milling process to form powder particles of greater diameters, up to several 
hundred microns, and this is followed by continuous disintegration until the particle size 
is less than a few microns. Some of the mills and their milling processes were shown in 
Figure 2.8. 
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Figure 2.8: Milling process in some of the mills [81] 
 
2.4.3 Mechanism of Mechanical Alloying 
 
The actual process of MA starts with mixing of the powders in the right proportion and 
loading the powder mix into the mill along with the grinding medium. This mix is then 
milled for the desired length of time until a steady state is reached when the composition 
of every powder particle is the same as the proportion of the elements in the starting 
powder mix. The milled powder is then consolidated into a bulk shape and heat treated to 
obtain the desired microstructure and properties [82--84]. 
 
Figure 2.9 shows the mechanism of alloying during via mechanical alloying. During high-
energy milling the powder particles are subjected to repeated flattening, cold welding, 
fracturing and rewelding to produce quality powders with controlled microstructure. The 
collisions occur between ball to ball, ball to powder and ball to vial. When two balls 
collide, some amount of powder is trapped in between them. The impacted force 
plastically deforms the powder particles leading to work hardening and fracture. In case 
of ductile materials the powder got flattened and work hardened. Some new surfaces 
created by fracture and are able to weld together and this causes the increase in particle 
size and particle size as large as three times bigger than the starting particles can be 
produced. The particles get work hardened and fractured with continuous deformation by 
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fatigue failure. After that the particle size will get reduced by the absence of 
agglomeration [76, 81]. Further application of forces fracture predominates over cold 
welding. Due to the continued impact of grinding balls, the structure of the particles is 
steadily refined, but the particle size continues to be the same. 
 
During MA, heavy plastic deformation is introduced into the particles due to the high 
energy milling. This deformation causes crystal defects such as dislocations, vacancies, 
stacking faults, and increased number of grain boundaries. 
 
 
Figure 2.9: Steps of powder evolution during mechanical alloying [85] 
 
2.4.4 Thermodynamic and Kinetic View of Mechanical Alloying 
 
The extent of welding and fracturing depends on deformation behavior and temperature 
induced by ball-powder-ball impact. The kinetics of amorphous, nano crystal and 
intermetallic phase formation during milling can be the milling temperature driven. Shen 
and Koch [86] reported that smaller crystallite size was obtained at 188 K temperature 
compared to room temperature milling. At low milling temperature the size of CoZr 
intermetallics are smaller. During milling large temperature rise may happen due to some 
exothermic reaction. Milling at subzero temperatures prevent additional welding whereas 
fracture is favoured at low temperature due to the deformation characteristic of powder. 
There have been some reports on microscopic temperature of the mill. Davis and Mc 
Dermott [87] reported the maximum temperature rise in Spex mill was 323 K, Kimura 
[88] reported 445 K for attritor. Borzova and Kaputkin [89] reported 373-488 K for 
attritor using SiC and diamond sensors. Kuhn [90] reported 120 K temperature rise in 
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vibratory mill. The temperature of the powder for the instant impact could be high. 
Schwarz and Koch [91] measured the temperature rise of 40 K for Ni32Ti68 and Ni45Nb55 
powders in a Spex mill. Davis and Koch [92] predicted the temperature rise was less 
than112 K in above system by using previous approaches. 
Schwarz and Johnson [93] mentioned the thermodynamic and kinetic principles for solid 
state amorphization with multi layers of A and B constituents. For producing A-B binary 
alloy, there should be a negative heat of mixing between the A and B, there should be a 
large imbalance in the diffusion coefficient of one in the other (i.e. DB>> DA) [94]. 
Yavari and Desre reported the thermodynamic and kinetic requirements for amorphization 
during mechanical alloying. Even they have mentioned that for amorphization of A-B 
alloy there should be a large negative heat of mixing and the inter-layers should be below 
a critical thickness with ΔHmix∽ 0. This distinction is due to the fact that amorphous 
phase undergoes work softening and the crystalline phase work hardening during 
mechanical alloying. The conclusion they have made, amorphous phase occurs even when 
ΔHmix∽ 0 and DB ∽DA [95]. 
Amorphization during MA is not entirely a mechanical process and the amorphous phase 
forms by reactions within the solid state. Haruyama and Asahi [96] have prepared 
amorphous Ni-Zr alloy (NixZr100-x, x=20-70) by mechanical alloying for 30 hours milling 
in a high speed vibratory mill. The heat of mixing is mostly negative for intermediate 
compositions. Lee [97] has reported that the Fe-Zr system has got solid state 
amorphization obtained by inter-diffusion between layers and further milling results in 
crystallization of amorphous phase in to α-Fe, and Zr2Fe crystalline phases. These things 
happen due to increase in free energy through accumulation of structural defects such as 
vacancies, dislocations, grain boundaries and anti-phase boundaries. 
 
Computational thermodynamic is one way to resolve the problems of materials, which 
arises with temperature.  During MA process high amount of energy can transfer from 
balls to powder by milling. High plastic deformation in powder particles leads in creating 
defects such as dislocations and grain boundaries, which increases the free energy of the 
system [95]. The increase in free energy due to the decrease of grain size can be 
determined by the equation 
ΔGb= γ (A/V)Vm       (2.2) 
where, γ is the grain boundary energy, A/V the surface/volume ratio and Vm is the molar 
volume. A cubic or spherical form of grain size is assumed to estimate the A/V ratio. The 
change in free energy due to the variation of dislocation density can be calculated by the 
equation [98] 
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ΔGb=ξρ Vm        (2.3) 
where, ξ is the dislocation elastic energy per unit length of dislocation lines and ρ is the 
dislocation density. The smallest grain size L, can be estimated, for one metal, using 
following equation [99] proposed by Nieh and Wadsworth. 
L=3Gb/H (1-υ) π       (2.4) 
where, G is the shear modulus, b the burger vector, ν the Poisson’s modulus and H is 
hardness. Thus, the stored energy was sufficient to increase the solubility between metal 
systems which had positive Gibbs free energy of mixing [100]. 
 
The particle size reduction efficiency of conventional ball mills was around 0.1%, this is 
very low. But in case of high energy ball mills the efficiency was somewhat higher than 
that of conventional mills. However the efficiency of high energy ball mill is less than 1% 
[12]. The remaining energy has been lost mostly in the form of heat and small amount of 
energy is utilized in the elastic and plastic deformation of the powder particles. 
 
2.4.5 Zirconium based ODS Alloys 
 
Since 1980 many techniques have been used to prepare nanostructured or amorphous 
metals and alloys. All these techniques involve quenching rate above 10
5
 K/min such as 
rapid solidification techniques (melt spinning, laser melting, splat cooling etc.), solid state 
quenching, irradiation and condensation from vapour. These melting casting routes are 
not suitable, due to the thermal instability of alloying elements at high temperatures 
causes the anisotropic properties of the end product. Development of such high-
temperature alloys can only be possible by mechanical alloying to avoid the disintegrated 
melting casting processing route. Assisting high energy deformation by mechanical 
alloying, amorphous alloys can be produced [28, 101]. The Melting point of Zirconium is 
1855 
o
C. Below 865 
o
C, Zirconium has a hexagonal packing structure (α-phase) which 
transforms into a bodycentred cubic structure (β-phase) above this temperature. It is 
impossible to obtain this β-phase at room temperature with any type of heat treatment. In 
this situation the solid state powder processing techniques are of favorable consideration 
and mechanical alloying has proven as the potential process even for the production of 
oxide-dispersion strengthened zirconium alloys.  
 
Zr-Cu is the first metal-metal system in which amorphization was studied by rapid 
solidification. Amorphous hydride was formed due to the reaction of hydrogen with Zr 
and Rh by mechanical alloying. This solid state amorphization reaction was reported in 
1983 [102]. Zr based alloys shows amorphization at much lower cooling rates. But the 
preparation of ternary, quaternary alloys is challenging due to high melting temperatures 
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and low solid solubility of alloying elements. Mechanical alloying is adopted to alloy 
elements those are difficult to alloy by conventional processing routes. Moreover 
formation of extended solid solubility with controlled microstructure without the need of 
high temperature is possible by mechanical alloying. Mechanical alloying can also be 
used to produce nanocrystalline materials and is also capable of producing variety of alloy 
compositions. 
 
Fundamentally and industrially, intermetallic compounds are of great interest having high 
strength and corrosion resistance at high temperature. MA allows the formation of 
intermetallic compounds between Zr and Fe [103]. Zirconium alloy system exhibit wide 
supercooled liquid region. But changes in the composition effects the supercooled liquid 
region. So, the alternative processing route for the preparation of amorphous alloys with 
extended supercooled liquid region is mechanical alloying. The progress of amorphization 
by solid state reaction also can be possible by MA [19, 104, 105]. 
 
The concept of oxide dispersion strengthening (ODS) is considered to increase the 
strength of the zirconium-based alloy up to high temperatures. ODS alloys can be used for 
structural material components in nuclear power plants, since such alloys have a high 
mechanical strength at high temperatures, even of up to 800 
o
C. This type of alloy is 
generally manufactured through mechanical alloying from its source metal and dispersiod 
powders. 
 
Zirconium alloys can be used at high temperature because of their high recrystallization 
temperature. But low temperature hexagonal (α) zirconium has a very low solubility of 
hydrogen, resulting in any excess hydrogen getting precipitated as zirconium hydride. 
This leads to embrittlement, delayed hydride cracking (DHC) and hydride blistering, all 
of which limit the lifetime of reactors and cause serious environmental concerns in spent 
nuclear fuel rod [106, 107]. In addition, zircaloy-4 shown to perform extremely favorably 
in case of  reducing hydrogen uptake relative to earlier Zr alloys. With regards to both 
crack initiation and subsequent DHC propagation research results have been used to 
determine the life of pressure tubes. Inert particle strengthening concepts were extended 
to zirconium-base alloys for high temperature applications. 
 
Zirconium alloys are good to improve corrosion resistance and high compressive stresses 
due to the oxide dispersion. By using powder metallurgy techniques inert particles of 
Y2O3 were mechanically dispersed in a Zircsloy-2 matrix. The elevated temperature yield 
strength of Zircaloy-2 was increased. Much of the increase was related to oxygen 
contamination. At 344 
o
C, the creep resistance of ODS Zircaloy-2 was high than the 
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Zircaloy-2. The dispersion of nano Y2O3, results in increasing the corrosion resistance in 
400 
o
C steam [108]. In case of powder metallurgy process of dispersion-strengthened 
zirconium alloys, oxygen contamination is the major technological problem. Alloy 
additions of Be are suggested for minimizing both the corrosion and oxygen 
contamination problems. Corrosion tests in supercritical water and 500 
o
C steam were 
performed by the Minerals, Metals & Materials Society on Zr-based model alloys up to 
132 days to evaluate the potential use of Zr alloy cladding in the supercritical water 
reactor (SCWR) [109]. 
 
Zr-based powders alloyed in attritor mill with 7 vol % dispersions of La2O3, ThO2 and 
Y2O3 was reported. The oxide particle size was larger and the dispersion achieved was not 
optimum desired dispersion strengthening [58, 110]. Antony and Klepfer [111--113] 
dispersed 0.1, 1 and 10 vol % yttria in Zircaloy-2 hydride mill scrap and produced 
material by vacuum hot pressing at 1125 
o
C temperature with subsequent beta quenching 
and extrusion at 815 
o
C temperature. Again the particle parameters were not suitable for 
significant dispersion strengthening and a well defined interpretation of the results was 
not possible due to the oxygen contamination of the scrap material [114]. 
 
A more detailed and comprehensive study was carried out by Rezek and Childs [115]. 
Milled zirconium hydride sponge was re-milled with suitably prepared yttria powder and 
the resulting mixed powder was cold compacted and sintered at temperatures generally in 
excess of 1000 
o
C. The material was fully densified by hot rolling, clad in mild steel. It 
was also noted that particle distribution was improved by rehydriding and reprocessing. 
At a sintering temperature of 1000 
o
C the average particle diameter was about 200 nm. No 
tensile measurements were reported but stress rupture properties at 500 
o
C for Zr-5 vol % 
yttria alloys showed a 10-fold improvement. 
 
P.O. Parsons and E. Adolph [116] studied the mechanical properties of Zircaloy-2 alloys 
containing yttria particles and was compared to some other zirconium alloys, Zircaloy-2 
and zirconium-2.5 wt. % Nb. The comparisons show that the dispersion- strengthened 
alloys are worthy of further development. 
 
2.5 Sintering 
 
Sintering is carried out to increase strength and hardness of a green compact and consists 
of heating the compact to some temperature under controlled conditions with or without 
pressure for a definite time. Until the 1930's, sintering was defined as a technological 
process of obtaining sintered materials from powder systems. In 1930, F. Sauervald 
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reported the problem of sintering after that in 1934, V. Trzebyatovski and M.Yu. Balshin 
supported his theory. Later Balshin mentioned sintering means forming contacts between 
particles during heating of a dispersion system [21]. 
Sintering process concerns with:  
Diffusion: This takes place especially on the surface of the particles at elevated 
temperature [117]. Nanostructures obtained by mechanical alloying promote the diffusion 
process by increasing the surface area required for diffusion. 
Densification: This decreases the porosity present in the green compact and increase the 
particle contact area. Due to this effect compact size decreases but this may not occur 
uniformly because of variations in the density of compact and hence distortions of 
component may arise. 
Recrystallization and grain growth: This occurs between the particles at the contact area, 
leading to formation of the original one. The main driving force for sintering is the 
decrease in free energy due to decrease of surface area. 
 
2.5.1 Conventional Sintering 
 
Depending on the temperature of sintering, sintering process is classified as solid phase 
sintering or liquid phase sintering. The most common method is solid phase sintering in 
which the green compacts are heated usually above the recrystaliization temperature. The 
liquid phase sintering is carried out above the melting point of one of the alloy 
constituents or above the melting point of an alloy formed during sintering. The first 
physical theory of liquid phase sintering was established by Ya. I. Frankel in 1945. In 
1946, B. Ya. Pines proposed a theory on solid state sintering. Frenkel approach of 
sintering theory [118] was coalescence of viscous particles driven by surface tension and 
Pines approach for solid phase sintering was evaporation of emptiness [119]. 
For conventional sintering usually a green compact needs to be prepared externally using 
a suitable die and hydraulic machine for applying the necessary pressure. After this the 
green compact is sintered in a furnace [120]. 
The sintering process is governed by some parameters such as temperature and time, 
geometrical structure of the powder particles, composition of the powder mix, density of 
the powder compact and composition of the protective atmosphere in the sintering 
furnace. 
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The practical significance of these parameters can be described briefly as follows: 
 
Temperature and time: The higher the sintering temperature, the shorter is the sintering 
time required to achieve a desired degree of bonding between the powder particles in a 
powder compact. 
 
Geometrical structure of the powder particles: At given sintering conditions, powders 
consisting of fine particles or particles of high internal porosity (large specific surface), 
sinter faster than powders consisting of coarse compact particles. Fine powders are 
usually more difficult to compact than coarse powders, and compacts made from fine 
powder shrink more during sintering than compacts made from coarse powder. 
 
Composition of the powder mix: If the powder mix contains a component that forms a 
liquid phase at sintering temperature bonding between particles as well as and alloying 
processes are accelerated. 
 
Composition of the protective atmosphere in the sintering furnace: The protective 
atmosphere has to fulfill several functions during sintering which in some respects are 
contradictory. On the one hand, the atmosphere is to protect the sinter goods from 
oxidation and reduce possibly present residual oxides. 
 
Due to the large surface area and high free energy of nanometric powder, there are many 
destructive aspects for the processing and obtaining the homogeneous microstructures. 
Allen et al., 1996 [121, 122]; Averback et al., 1992 [123] reported that the possibility of 
formation of thermodynamically unstable phases and appearance of strong effect of 
adsorbed gases on the surface can effects the microstructure. Many studies (Chen & Chen, 
1996, 1997) [124], (Hanh, 1990) [125] found sintering of nanometric size particle was 
lower than those conventional sintering. 
 
2.5.2 Spark Plasma Sintering (SPS) 
 
High performance applications require higher densities. Conventional methods leads to 
lower density products in compared with hot consolidation processes (hot pressing, HIP, 
spark paslma sintering, extrusion etc) enable production of full-density or near full-
density powder materials/products [126, 127]. 
 
Spark Plasma Sintering is a new technique which takes hardly few minutes to complete a 
sintering process compared to conventional sintering which may take hours or even days 
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for the same. High sintering rate is possible in SPS [128, 129]. The heating rates normally 
reached in conventional furnaces are 5 to 8 
o
C/min which can go maximum up to 10 
o
C/min. So, to reach a temperature of 1200 
o
C we usually need 2 to 4 hours or more 
whereas in SPS, heating rates exceeding 300 
o
C/min are easily obtained hence a 
temperature of 1200 
o
C can be obtained in only 4 minutes. In the presence of pressure and 
electric current, localized necking occurs faster due to joule heating. Consequently, the 
temperature rises very fast (faster than conventional sintering and Hot pressing) and the 
densification is completed within few minutes [130, 131]. 
With SPS technique one can easily achieve high densities, which are nearly comparable to 
theoretical density values due to application of temperature and pressure at same time, 
and lowers the sintering temperature range by 200-250 
o
C than in conventional process. 
Moreover, it avoids coarsening and grain growth which in-turn results in high densities 
[132, 133]. This process has potential to use for powders with nano-size, nano-ceramics 
or nano composite these exhibits excellent mechanical properties (strength, hardness). 
High reactive materials can be easily sintered because of rapid heating and cooling cycle, 
and avoids formation of undesirable phases. When spark discharge appears in the gap 
between the particles of a material, a local high temperature state occurs. This causes 
vaporization and melting which creates bond between the powder particles and narrow 
shapes or “necks” is formed around the contact area. These necks gradually grow and 
develop as diffusion progresses, resulting in a sintered compact of 99% density. Since 
only the surface temperature of the particles rises rapidly by self-heating, particle growth 
of the starting powder materials is controlled [22, 134]. 
Production of refractory metals and intermetallics (ZrB2, Ni3Al, FeAl and TiAl), ultra 
high temperature ceramics (ZrB2, ZrC), transparent ceramics, Nano structured non-
equilibrium and functional graded materials can developed by spark plasma sintering 
[22]. Gao et al., 2000 [135]; Chakravarty et al., 2008 [136], Bernard-Granger & Guizard, 
2007 [148] studied production of polycrystalline ceramics with high density and small 
grain size was obtained by spark plasma sintering. Pierri et al., 2005 [121] observed that 
the small amounts of zirconia (1 vol %) presence was sufficient to cause grain growth 
inhibition of alumina allowing the sintering process without application of pressure that 
results in higher final densities and increased mechanical strength and wear resistance. 
Zamora et al [138] reported that the reduction of crystal size to nano scale can improve 
the sintering kinetics and final densities. For increasing the density of powder refining is a 
common process in ceramic processing. Thompson et al [139] studied the densification of 
ZrB2 with different powder particle milled in attritor mill. The reduction in particle size 
increased the final relative density from 70 to 97%. 
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2.6 Scope of this Study 
 
Considering the uses of zirconium alloys in different high temperature fields, 
development of nano Y2O3/TiO2 dispersed zirconium based alloy followed by 
conventional and spark plasma sintering is worth. It was rarely reported on development 
of Y2O3 dispersed zirconium alloys by mechanical alloying. Moreover, development of 
TiO2 dispersed zirconium based alloy is different from previous one because of titanium 
having high thermal neutron flux. In terms of use in an application where corrosion is a 
major problem, zirconium is often considered together with either titanium or tantalum. 
So, with the alloying elements of Mo, Fe, Ni and TiO2 dispersiod, improvement of 
structural properties could be possible applicable for chemical sector. So, two different 
ODS alloys; one, Y2O3 dispersed zirconium alloy for nuclear applications and other TiO2 
dispersed zirconium alloy for chemical applications were studied. 
 
In the present work developments of these alloys by mechanical alloying was carried out 
and effects of following was examined: 
 
(a) Milling parameters (Production of alloy powder with optimum speed and less 
processing time). 
(b) Dispersoids (Y2O3/TiO2) and  
(c) Sintering mechanisms (Effects the physical, mechanical and oxidation properties). 
Final and intermediate conditions of the powder and sintered products was characterized 
by: 
a) X-ray diffraction (XRD), Scanning electron microscope (SEM) and Transmission 
electron microscope (TEM) for phase analysis and crystallite size measurement. 
b) Particle size analyzer and SEM for particle size analysis. 
c) Differential scanning calorimetry and thermal gravimetry (DSC/TG) for activation 
energy study. 
d) Hardness, compression test and wear testing for mechanical property. 
e) Potentio dynamic polarization for corrosion analysis.  
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Chapter 3 
 
Experimental Procedure 
 
3.1 Introduction 
 
In this chapter, the details of raw materials and experimental techniques used are 
discussed. Synthesis of zirconium based alloy starts with alloy powder production by 
mechanical alloying route followed by consolidation and sintering techniques. The alloy 
powders characterization involves particle and grain size measurement, microstructural 
study, phase analysis and recrystallization behaviour. The characterization of sintered 
products involves phase and microstructural analysis, physical and mechanical property 
study, isothermal and non-isothermal oxidation and corrosion studies. The overall 
experimental work flow is summarized in Figure 3.1. 
 
 
3.2 Alloy Powder Production 
 
3.2.1 Materials and Methodology 
 
In the present study the alloy powders were produced by mechanical alloying. The 
mechanical alloying starts with blending of the elemental powders for homogeneous 
mixer and these powder blends were milled in ball mill for desire length of time until the 
study state is reached. The raw materials used to prepare the desired alloys were 
elemental (Zr, Fe, Ni, Mo) and compound TiO2/ Y2O3 powders. The source and purity of 
the powders are summarized in Table 3.1. The starting elemental powders of Zr, Fe, Ni 
and Mo (about 50-150 μm particle size) along with TiO2/ Y2O3 (~40 nm) as shown in 
Table 3.2, were blended for 2 hours in a TURBULA (SYSTEM SCHATZ) followed by 
milling in a high energy ball mills. 
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Figure 3.1: Work flow 
 
Table 3.1: Source and purity of raw materials used in the present study 
Powder Source Purity 
Zr Chempure Private Limited 99% 
Fe Loba Chemie Pvt Ltd 99.7 % 
Ni Loba Chemie Pvt Ltd 99.5 % 
Mo Strem Chemicals 99.9% 
TiO2 Alfa Aesar 99.9% 
Y2O3 Alfa Aesar 99.995 
Mixing of elemental powders 
Mechanical Alloying (MA) 
Mill-1(High energy planetary ball mill) 20 h 
(0 h, 1 h, 5 h, 10 h, 15 h and 20 h)  
Mill-2(High energy dual drive planetary ball 
mill) 10 h (0 h, 5 h and 10 h)  
XRD SEM Particle size analyzer TEM TG/DSC 
Conventional Sintering 
(1400 
o
C) 
Spark Plasma Sintering 
(900, 950 and1000 
o
C) 
XRD FESEM/EDS TEM 
Density Hardness Compressive 
Strength 
Wear Corrosion Isothermal and 
non-isothermal 
oxidation 
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Table 3.2: Initial powder composition 
    
   
Alloy 
Composition (Wt. %) 
Zr Fe Ni Mo TiO2 Y2O3 
A 45 30 20 5 0 0 
B1 44 30 20 5 1 0 
B2 44 30 20 4 2 0 
C1 44 30 20 5 0 1 
C2 44 30 20 4 0 2 
 
 
3.2.2 Mill Type 
 
The effect of mechanical alloying mainly depends on type of mills, which affects the 
particle size and distribution, degree of disorderness and amorphization. Generally for 
producing mechanical alloy powders for a few hundreds of grams high-energy milling 
equipment is used. In the present study two types of planetary ball mills were used. First 
one is FRITCSCH, Pulverisette-5 as shown in Figure 3.2(a) and High energy dual drive 
planetary ball mill as shown in Figure 3.2(b). 
 
Generally, FRITCSCH, Pulverisette-5 is used for the pulverization of soft, fibrous, hard 
and brittle materials. It generates a very high final fineness powder down to the 
submicron range. Due to the opposite rotational direction of grinding bowls and 
supporting disc the centrifugal forces are alternately synchronised and opposite. Thus 
friction results from the grinding balls and the material being ground by alternately rolling 
on the inner wall of the bowl, and impact results when they are lifted and thrown across 
the bowl to strike the opposite wall. The impact is intensified by the grinding balls 
striking one another. The impact energy of the grinding balls in the normal direction 
attains values up to 40 times higher than gravitational acceleration. The bowls have 
capacity of 250 ml, size of the balls was 10 mm and maximum speed 360 rpm. The bowls 
and balls are made of WC (Tungsten Carbide).  
 
The dual drive planetary ball mill consists of a gyratory shaft having length of 640 mm 
(L) and two cylindrical steel jars of diameter 100 mm (2R) (Volume 1000 ml each), both 
can rotate simultaneously and separately at high speed. The shaft and Jars can rotate at the 
speed of 275 and 620 rpm respectively. Such high-speed rotation of both jars and the shaft 
makes the balls to move strongly and violently, leading to large impact energy of balls 
that improves the grinding performance. 
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(a) (b) 
Figure 3.2: Planetary ball mills used for alloy powder processing (a) FRITCSCH, Pulverisette-5 and 
(b) High energy dual drive mill 
 
The planetary mill is powered by two motors: one 5 HP motor works on the main rotating 
shaft and another 3 HP motor drives the jars. The rotating speed of both motors can be 
varied independently and continuously by a frequency controller. The design 
specifications of mill are reported in an article [140]. 
 
 
3.2.3 Milling Parameters 
 
The morphology of the milled powders and the end product properties depends on 
different milling parameters such as milling media, milling time, rotational speed and 
balls to mixed powder weight ratio. The two mills and their milling parameters are 
summarized in Table 3.3. Generally metal powders are wet milled with liquid medium to 
avoid oxidation. To optimize the balance between welding and fracture, active organic 
agents may be added to the powders. Optimization speed should be chosen for the mill to 
obtain proper bombardment of ball to powder or ball-powder-ball or ball-powder-vial. 
During long milling time the temperature rise can affects the size reduction and reactions 
between powders. Here milling of the alloy powders were done for 20 hours in 
FRITCSCH, Pulverisette-5 planetary ball mill (mill-1) and 10 hours in High energy dual 
drive planetary ball mill (mill-2). The mechanically  alloyed powders produced by mill-1 
was consolidated and sintered via conventional sintering technique and   the mechanically  
alloyed powders obtained from mill-2 was sintered by spark plasma sintering technique. 
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Table 3.3: Milling parameters of planetary ball mills 
Planetary ball mill 
type 
Rotational 
speed 
Ball to powder 
weigh ration 
Milling media 
(liquid) 
Milling time 
(hour) 
Mill-1(Figure 3.2(a)) 300 10:1 Toluene 20 
Mill-2(Figure 3.2(b)) 275 (shaft), 
620 (Jars) 
10:1 Toluene 10 
 
 
3.3 Powder Characterization 
 
3.3.1 Phase and Microstructural Characterization 
 
For systematic analysis of the milled powders, samples of 0, 1, 5, 10, 15, and 20 hours 
were collected and characterized by means of X-ray diffraction (XRD), scanning electron 
microscopy (SEM), and particle size analysis (Mastersizer). The crystallite sizes (L) and 
lattice strains (ε) of the milled constituents were analyzed by XRD using a standard 
diffractometer (Philips X’Pert MPD) with Ni filtered Cu Kα radiation (λ = 0.154051 nm). 
These parameters were calculated by means of the modified Williamson-Hall method. 
The compositional and morphological study was done using a JEOL/EO type scanning 
electron microscope/energy-dispersive spectroscope. Final milled powder was also 
characterized using a transmission electron microscope (JEM 1200, JEOL) with 200 kV 
working bias. 
 
3.3.2 Recrystallization Behaviour 
 
Thermal properties (glass transition and crystallization of the amorphous phase) of final 
milled powders of alloy A were evaluated by differential scanning calorimetry 
(NETZSCH STA 409 C). The scanning is done over a temperature of 200 
o
C to 1200 
o
C 
with various heating rates of 4, 6, 8, and 10 K/min in argon atmosphere. 
 
3.4 Powder Densification 
 
3.4.1 Cold Compaction 
 
Compaction of alloy powders reduces the voids between the powder particles and 
increases the density of compact. It produces adhesion and cold welding of the powders 
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and gives sufficient green strength. Pressure should be properly controlled since lower 
pressure gives fragile compacts and higher pressure cause tool distortion and breakage. 
The density of the compact depends on the pressure applied. Compaction of 20 hour 
milled powder of all the alloys was carried out at 1 GPa pressure for 5 minutes in a 
uniaxial hydraulic pressing unit. 10 mm diameter cylindrical die was used for compaction 
of alloy powders. 
 
3.4.2 Conventional Sintering 
 
The green compacted pellets of the alloys were conventional sintered in a high 
temperature tube furnace (evacuated to 1x 10
-5
 mbar pressure) at 1673 K (1400 
o
C) for 1 
hour in Argon gas. The heating rate 10 
o
C/min and flow rate of Argon gas 100 ml/min 
were maintained. 
 
3.4.3 Spark Plasma Sintering 
 
The blended powders were sintered by SPS technique at three different temperatures of 
1173 K (900 
o
C), 1223 K (950 
o
C) and 1273 K (1000 
o
C) under a constant pressure of 50 
MPa and dwell time 5 minutes with a constant pulse on: off ratio of 12:2 and each pulse 
duration of 3.3 min were maintained in a spark plasma sintering unit, SCM 1050 
(Sumitomo Coal Mining Co. Ltd., Japan).  
 
Figure 3.3 shows the schematic diagram of SPS process used in the present study. SPS 
consists in applying uniaxial force and ON-OFF DC pulse energizing. The ON-OFF DC 
pulse voltage and current creates spark discharge and Joule heat points between material 
particles (high-energy pulses at the point of intergranular bonding) as shown in Figure 
3.4. The high frequency transfers and disperses the spark/Joule heat phenomena 
throughout the specimen, resulting in a rapid and thorough heat distribution, high 
homogeneity and consistent densities. Current lines will spread in different ways 
depending on the geometry of sample, die and electrical resistivity. The molds were made 
of graphite, load can apply upto100 kN and the vacuum level was upto 6 Pa. The process 
is carried out by two stages; initially, the powder compacts were loaded to 50 MPa at 500 
ºC for 3 min to remove the absorbed gases within the powder particle surface. After 
degassing, the compacts were further heated to the sintering temperature of 900 ºC to 
1000 ºC with uniaxial pressure at 50 MPa for 5 min (shown in Figure 3.5). 
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Figure 3.3: Schematic drawing of the SPS process 
 
 
 
 
Figure 3.4: ON-OFF pulsed current path through the powder 
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Figure 3.5: Thermal cycle and load variation at different temperature during spark plasma 
sintering 
 
3.5 Characterization of Sintered Products 
 
3.5.1 Phase and Microstructural Characterization 
 
To study the phase evaluation and morphology of both conventional and spark plasma 
sintered products the samples were characterized by X-ray diffraction (XRD), scanning 
electron microscopy (SEM) and Transmission electron microscope (TEM). The 
morphologies and chemical compositions were studied by using a JEOL/EO type 
scanning electron microscope and Nova Nano SEM/FEI field emission scanning electron 
microscope fitted with energy dispersive spectrometer (EDS). 
 
3.5.2 Physical and Mechanical Property Study 
 
Density of the sintered products has been measured by Archimedes' principle after 
weighing them in air and water separately using an electronic balance with a precision of 
0.1 mg. The consolidated samples were subjected to micro hardness test with 50 g load 
and 15 second dwell time with Vicker’s indenter in a LECO (LN 248AT) micro hardness 
tester. Compressive tests of the sintered samples were performed using a universal testing 
machine (Instron SATEC-600 kN & 1000 kN). The test was carried out in open air at 
room temperature with a cross head velocity of 0.2 mm/min. The fractography of the 
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specimens were also studied by SEM. Wear characteristics of the sintered products were 
studied by a ball on plate type wear tester (DUCOM) fitted with a Rockwell shape 
diamond indenter at 20 N and 40 N force for 10 minutes with a velocity of 20 rpm. The 
specimen was held stationary and the disc was rotated while a normal force was applied 
through a lever mechanism as shown in Figure 3.6. Worn out samples were seen under 
SEM to study the wear mechanism. 
 
 
Figure 3.6: Schematic diagram of ball on plate apparatus 
 
 
3.5.3 Corrosion Study 
 
Sintered samples were metallographically polished with emery papers of different grit 
size and alumina oxide dispersed fluid media. The mirror polished surfaces of the 
specimens were subjected to potentio-dynamic polarization test in a 3 mole NaCl solution 
to study the mechanism and rate of corrosion. A PS6 Meinsberger 
Potentiostat/Galvanostat connected to a standard three electrode cell comprising the 
sample as the working electrode (WE), a saturated calomel reference electrode (RE) and a 
platinum counter electrode (CE) was used for corrosion study. The schematic diagram of 
corrosion test setup was shown in Figure 3.7. The compositional and morphological study 
of corrode samples was done using a JEOL-JSM-6480 LV type scanning electron 
microscope/energy-dispersive spectroscope. 
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Figure 3.7: Schematic diagram of corrosion test setup 
 
3.5.4 Isothermal and Non-Isothermal Oxidation Study 
 
The alloy specimens prior to Isothermal and non-isothermal oxidation study were rinsed 
and cleaned with acetone. The isothermal oxidation test was carried out in a tube furnace 
with provision of flow of excess air. The temperature range of the tests was from 800 
o
C 
to 1100 
o
C for 50 hours. During oxidation, the weight gains of specimens were measured 
after every per each 5 hours till 50 hours. After oxidation, oxidized specimens were 
analyzed by XRD. Surface morphology of oxidizes specimens were also observed by 
scanning electron microscope (SEM). 
 
During the oxidation of different metals, various empirical rate laws can be used. 
 
                                           Linear law: w = KLt                                                          (3.1) 
Where, w is weight gain per unit area (or) oxide thickness, KL-rate constant and t-time. 
Equation (3.1) is typical for metals with porous or cracked oxide films (transport of 
reactant ions occurs at faster rates than the chemical reaction), e.g., K, Ta. 
 
                                          Parabolic law: w
2
 = Kpt + C                                              (3.2) 
Equation (3.2) is typical for metals with thick coherent oxides, e.g. Cu, Fe. In this case, 
the oxidation rate is determined by the diffusion of oxygen through the oxide scale. 
 
                                          Logarithmic rate: w = Ke log (Ct + A)                                (3.3) 
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Equation (3.3) is typical for oxidation at elevated temperature, e.g., Fe, Cu, Al; fast 
oxidation at the start, the rate decreases to a very low value. 
 
Some of the metals are catastrophic at high temperatures causing rapid exothermal 
reactions and the oxides are volatile, e.g. Mo, W, V. 
 
Non-isothermal oxidation studies were carried out by TG/DSC (Netzsch, Germany, 
Model 449 C) from room temperature to 1273 K at a heating rate of 4 K, 6 K and 8 K and 
10 K/min. Post oxidation study was also carried out similarly as of isothermal tests. The 
fraction of the sample oxidized (α) was determined from the change of mass of the 
sample: 
α = w/W                (3.4) 
 
where, w is the increase in mass of the sample and W is the total amount of oxygen 
required for the complete conversion of alloy to its stable oxides. 
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Chapter 4 
 
Synthesis of Alloy Powders by Mechanical 
Alloying 
 
4.1 Introduction 
 
Synthesis of alloy powders by mechanical alloying strongly involves in solving the 
problems of powder contamination and oxide formation. The extent of contamination 
increases with increasing milling energy and milling time. In this chapter, effect of 
milling parameters on alloying of powder, milled powder homogenization and fast 
amorphization are discussed. 
 
4.2 Phase and Microstructural Characterization 
 
The alloys Zr45Fe30Ni20Mo5 (alloy-A), Zr44Fe30Ni20Mo5 (TiO2)1 (alloy-B1), 
Zr44Fe30Ni20Mo4(TiO2)2 (alloy-B2), Zr44Fe30Ni20Mo5 (Y2O3)1 (alloy-C1) and 
Zr44Fe30Ni20Mo4(Y2O3)2 (alloy-C2) were processed by a planetary ball mill (FRITCSCH, 
Pulverisette-5) (Mill-1) for 20 hours and the samples were collected after 0 h, 1 h, 5 h, 10 
h, 15 h and 20 h milling. The same alloy powders were milled in a high energy dual drive 
planetary ball mill (Mill-2) for 10 hours. 0 h, 5 h and 10 h milled powders were collected 
for characterization. Milling was processed under toluene liquid medium to obtain finer 
ground products, for faster amorphization and to prevent oxidation. The collected powder 
samples from both mills were characterized by means of XRD, SEM and Particle size 
analysis. The final milled powders obtained from both mills (i.e. 20 h and 10 h milled 
powders) were characterized by TEM and DSC. 
 
4.2.1 XRD Study 
 
Figure 4.1 shows the series of XRD spectra of all the alloy powders subjected to milling 
of 0 to 20 hours in Mill-1. Figure 4.1(a) shows the XRD pattern of alloy A and indicates 
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that Fe, Ni, and Mo undergo into solid solution in the Zr matrix; it can be observed clearly 
that with an increase in milling time, peak intensities, except those for Zr peaks, decrease.  
 
  
(a) (b) 
  
(c) (d) 
 
(e) 
Figure 4.1: XRD patterns of mechanically alloyed powders by Mill-1 of alloy (a) A, (b) B1, (c) B2, 
(d) C1 and (e) C2 at different milling times 
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Pronounced peak broadening was also observed in 5 to 20 hour milled samples. A similar 
trend was found in alloys B1 through C2 (Figures 4.1(b) through (e)). The increase in full-
width at half-maximum (β) with increasing milling time suggests that both crystallite size 
reduction and plastic strain accumulation are occurring. In Figure 4.1(b) and 4.1(c) apart 
from peaks similar to Figure 4.1(a), TiO2 peaks were also visible up to 5 hours of milling. 
Similarly in Figure 4.1(d) and 4.1(e) Y2O3 peaks were observed. 
 
  
(a) (b) 
  
(c) (d) 
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(e) 
Figure 4.2: XRD patterns of mechanically alloyed powders produced by Mill-2 of alloy (a) A, (b) 
B1, (c) B2, (d) C1 and (e) C2 at different milling times 
 
Figure 4.2 shows the XRD spectra of milled powders of (a) alloy A, (b) alloy B1, (c) alloy 
B2, (d) alloy C1 and (e) alloy C2 at different milling times processed in Mill-2. The XRD 
of alloy powders reveals that the high intensity peaks of the elements (Zr, Fe, Ni, and Mo) 
present at 0 h of milling were progressively diminishing due to refinement and alloying 
with increasing milling time. It can be seen that even after 5 h of milling all the elements 
undergo solid solution formation which also cause broadening of peak. After 10 h of 
milling, intensity of the peak further decreases indicating complete solid solution and 
grain refinement. Increased broadening and decreased intensity of the elemental peaks 
was mainly due to decrease in crystallite size and increasing lattice strain which is quite 
common with milling operation. 
 
Close scrutiny of β of the most prominent peak in a given XRD profile determines the 
plastic strain and crystallite size. The crystallite size and lattice strains of the mechanical 
alloyed powders processed via Mill-1 and Mill-2 measured by Scherrer equations and 
inter correlated Williamson-Hall (W-H) analysis are shown in Figures 4.3(a) and 4.3(b) 
respectively. 
The average nanocrystalline size and strain induced in powders due to crystal 
imperfection and distortion was calculated simultaneously calculated by using 
Williamson-Hall equation[141] as follows: 
      
  
 
            (4.1) 
        
where, D = crystalline size, K = shape factor (0.94) and λ = wavelength of Cukα radiation, 
ε= the root mean square value of microstrain, β = full width at half maximum (FWHM) 
and θ = the diffraction angle. 
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It can be observed that the crystallite size gradually decreases and residual strain increases 
with the increase in milling time. The average crystallite sizes of all the alloys after 20 
hours of milling by Mill-1 were calculated and were in the range of 20 to 30 nm. The 
minimum crystallite size measured in the powder process by Mill-2 was 20 nm after 10 h 
milling. From the XRD data of alloys B1,B2, C1 and C2, it was found that for fixed milling 
hours, the degree of fineness increases with the dispersion. This may be due to the 
introduction of a higher amount of brittle oxides in the matrix and its subsequent effect 
during fragmentation of the matrix material. 
 
  
(a) (b) 
Figure 4.3: Variation of crystallite size and residual strain of the milled powders of alloy A 
processed (a) by Mill-1 and (b) by Mill-2 
 
4.2.2 SEM Study 
 
Figures 4.4(a) through (f) show scanning electron micrographs of alloy A in each stage of 
milling by Mill-1(from 0 to 20 hours), revealing that there is refinement of particles from 
the micron to submicrometer level. Figures 4.4(a) and (b) demonstrate coarser particles 
and there is a change from 35 to 26 μm due to milling of only 1 hour. As milling time 
increases (Figures 4.4(c) through (f)), the particle size decreases drastically with a more 
homogeneous distribution. 
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(a) (b) (c) 
   
(d) (e) (f) 
Figure 4.4: SEM photographs of powder morphology of alloy A after different milling times:(a) 0 
h, (b) 1 h, (c) 5 h, (d) 10 h, (e) 15 h and (f) 20 h processed in Mill-1 
 
   
(a) (b) (c) 
Figure 4.5: Powder morphologies of alloy A processed in Mill-2 at milling times: (a) 0 h, (b) 5 h 
and (c) 10 h observed by SEM 
 
Figure 4.5 shows the SEM micrographs of as-milled powders of alloy A at each stage of 
milling by Mill-2. It indicates that the initial irregular shaped large particles have been 
converted to regular uniform finer shaped particles with increase in milling time. The 
apparent powder particle size was reduced from 50 μm to 18 μm and 11 μm, respectively, 
with increase in milling time from 0 h to 5 h and 10 hrs. The SEM images of Figures 4.4 
and 4.5 indicate that the particles did not get agglomerated due to the presence of toluene 
during the milling 
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4.2.3 Particle Size Analysis 
 
Figures 4.6(a) show particle size distribution of alloy A at different milling times (0 to 20 
hours) by Mill-1 and the particle size distribution and average particle size measured by 
particle size analyzer of powder obtained by Mill-2 after milling time of 0 h, 5 h and 10 h 
are shown in Figure4.6(b).  
 
  
(a) (b) 
Figure 4.6: Particle size distribution of alloy A at different milling times: Mechanically alloyed 
powder by (a) by Mill-1 and (b) by Mill-2 
 
The comparative values of average particle size measured from SEM and Particle size 
analyzer is summarized in Table 4.1. Identical trend was observed in both the 
measurements of SEM and Particle size analyzer for the powders collected from Mill-1 
and Mill-2.  
 
Table 4.1: Average particle size of the milled powders by Mill-1 and Mill-2 of alloy A at different 
milling time observed by SEM and Particle size analyzer 
 
 
Milling time (h) 
Mill-1 Mill-2 
Particle Size (μm) Particle Size (μm) 
SEM Particle size analyzer SEM Particle size analyzer 
0 35 46 49 47 
1 26 36 - - 
5 21 29 18 16 
10 19 20 11 10 
15 18 16 - - 
20 13 14 - - 
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The particle size, measured by the particle size analyzer was in close approximation with 
the particle size observed under SEM. After 20 h of milling the average particle size 
observed from both SEM and particle size analysis was ~14 μm from Mill-1 and ~10 μm 
from Mill-2 after 10 h of milling. The particle size reduction was sharp in case of Mill-2 
as compared with the powder produced by Mill-1. This is due to higher milling energy 
associated with the dual drive planetary ball mill. 
 
4.2.4 Transmission Electron Microscopy Study 
 
Transmission electron microscopy (TEM) investigations were performed for further 
clarification of thephase evolution of the 20 hour and 10 hour milled powder of alloy A 
by Mill-1 and Mill-2 respectively, and the corresponding TEM figure is represented in 
Figure 4.7(I) and 4.7(II). The bright field TEM image of Figure 4.7(I) shows that the alloy 
consists of fine crystallites with an average size of 10 nm. The corresponding selected 
area diffraction (SAD) pattern of Figure 4.7(I) consists of well-defined continuous rings 
representingthe presence of finely grained polycrystallites. The SAD pattern can be 
indexed as (100), (002), and (102) planesof Zr-rich solution. Corresponding inter planar 
spacing (d) values were foundto be 0.28, 0.25 and 0.18 nm. TEM bright field image in 
Figure 4.7(II) reveals that the average crystallite size of the 10 h milled powder was 
within 10-15 nm. SAD pattern of the same powder shown in Figure 4.7(II) reveals nano 
crystalline structure. 
 
  
(I) (II) 
Figure 4.7: (a) Bright field image and corresponding (b) SAD pattern TEM image of (I) 20 h 
milled powder by Mill-1 and (II)10 h milled powder by Mill-2of alloy A 
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After careful analysis of the d spacing of the rings, presence of Zr (100), Zr (102) and Ni 
(111) planes were confirmed. Similar observations were also made by XRD study and the 
crystallite sizes observed from both studies were in close approximation (Figures 4.3(a) 
and (b)). 
 
 
4.3 Recrystallization Behaviour 
 
4.3.1 Differential Scanning Calorimetry Study 
 
Differential scanning calorimetry (DSC) analysis of milled powder of alloy A was carried 
out with various heating rates (4, 6, 8, and 10 K/min) up to 1473 K (1200 
o
C) in argon 
atmosphere. Figure 4.8(a) shows the DSC of the 20 hour milled powder by Mill-1 and 
Figure 4.8(b) shows that for 10 hour milled powder obtained by Mill-2 of alloy A for all 
four heating rates. In case of alloy powder produced by Mill-1, the recrystallization peak 
shifted toward higher temperature with an increase in heating rate and the observation of a 
single exothermic peak indicates that the crystallization process changes from a multistep 
crystallization process to a single exothermic peak with the presence of transition metal 
Mo [142]. From Figure 4.8(b) it can be observed that two steps (two exothermic peaks) 
recrystallization process was involved at lower heating rates of 4 and 6 K/min and these 
heating rates are not enough to remove strain induced during milling. At higher heating 
rates of 8 to 10 K/min the two step crystallization changes to single step. 
 
  
(a) (b) 
Figure 4.8: DSC plot of (a) 20 h alloyed powder by Mill-1 and (b) 10 h alloyed powder by Mill-2 
of alloy A at different heating rates of 4, 6, 8, and 10 K/min 
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The crystallization temperature (Tx), peak temperature (Tp), onset glass transition 
temperatures (Tg), glass transition end point (Tg
׀
), and supercooled liquid region (ΔTx) 
observed in Figure 4.8 are summarized in Table 4.2. The activation energy of 
recrystallization can be calculated using Kissinger’s equation as follows: 
 
ln (Φ/TP
2
) = -(E/RTP) + C    (4.2) 
 
where, Tp is the peak temperature, Φ is the heating rate, R is the gas constant, C is the 
constant and E is the activation energy of recrystallization. Figure 4.9 shows the plots of 
ln (Φ/Tp
2) vs. 1000 Χ (1/Tp) based on the data shown in Table 4.2. 
 
  
(a) (b) 
Figure 4.9: Kissinger’s plot of (a) 20 h and (b) 10 h milled powder of alloy A at different heating   
rates of 4, 6, 8, and 10 K/min 
 
Table4.2: Thermal transitions obtained from DSC 
Heating 
Rate Φ 
(K/min) 
Onset 
Temperature 
(Tg) K 
Crystallization 
Temperature 
(Tx) K 
Peak 
Temperature 
(Tp) K 
End 
Point 
(Tg
׀
) K 
Supercooled 
Liquid 
Region 
(Tx) K 
ln(Φ/Tp
2
)  
1000 
Χ(1/Tp) 
Mill-1 
4 370 510 763 810 140 -11.88 1.31 
6 489 612 772 830 123 -11.50 1.29 
8 367 521 784 819 154 -11.24 1.27 
10 378 520 797 834 142 -11.05 1.25 
 
Mill-2 
4 300 510 803 973 210 -11.99 1.24 
6 315 570 813 967 255 -11.60 1.23 
8 321 582 826 951 242 -11.35 1.21 
10 332 597 840 942 265 -11.16 1.19 
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The apparent activation energy of recrystallization of the alloy was calculated from the 
slope of the graph (Figure 4.9). The activation energy of recrystallization of alloy 
processed by Mill-1was 119.76±2.32 kJ/mol and alloy processed by Mill-2 was 
128.20±3.43 kJ/mol. In spite of lower milling time in Mill-2 (10 h) compared to Mill-1 
(20 h), the higher activation energy of the Mill-2 powder is due to the higher milling 
energy associated with the dual drive planetary ball mill (Mill-2). 
 
4.4 Summary 
 
Powders with different alloy compositions (Zr45Fe30Ni20Mo5 (alloy-A), Zr44Fe30Ni20Mo5 
(TiO2)1 (alloy-B1), Zr44Fe30Ni20Mo4 (TiO2)2 (alloy-B2), Zr44Fe30Ni20Mo5 (Y2O3)1 (alloy-
C1) and Zr44Fe30Ni20Mo4 (Y2O3)2 (alloy-C2)) were mechanically alloyed by two different 
high energy ball mills (Mill-1 and Mill-2) and subsequently were characterized by XRD, 
SEM, TEM, particle size analyzer and DSC. The results obtained from the study and 
comparison of them based on alloy composition, milling equipment and milling 
parameters are summarized below.  
 
 XRD analysis of the milled powders of different compositions obtained from 
different stages (0, 1, 5, 10, 15, 20 h for Mill-1 and 0, 5, 10 h for Mill-2) of milling 
from both the mills shows that with increasing milling time elemental powders 
(Fe, Ni and Mo) slowly goes into solid solution and at final stage the alloys show 
single-phase Zr rich extended solid solution. With increasing milling time it was 
also observed that refinement of crystallite size and induced strain make the XRD 
peaks broader. 
 
 Mechanical alloying is a promising route to synthesize nano crystalline powders. 
In the present study also it was observed that high energy ball milling of the 
elemental powder mix produced a nano-crystalline powder. XRD results and their 
subsequent analysis shows that Mill-2 produced nano-crystalline powders of 20 
nm at 10 h of milling. But, in case of Mill-1 even after 20 h of milling the 
crystallite size of obtained nano-crystalline powder was 30 nm. 
 
 The SEM and Particle size analysis studies showed gradual refinement in particle 
size with increasing milling time. After 20 h of milling in Mill-1, the average 
particle size observed from SEM and particle size analyzer was 13 and 14 μm 
respectively. And powders obtained from Mill-2 at 10 h shows 10 μm particle size 
by SEM analysis and 11 m by particle size analyzer. 
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 TEM analysis of final milled powders obtained from Mill-1(after 20 h of milling) 
and Mill-2 (after 10 h of milling) reveals 10-15 nm crystallite size.  
 
 The activation energyof the final milled powder of the alloy A was calculated 
from Kissinger’s plots and the values obtained from powders of Mill-1 and Mill-2 
are 119.76±2.32 and 128.20±3.43 kJ/mol respectively.  
From the abovementioned discussion it was clear that Mill-2 is more efficient to produce 
nano-crystalline powders than that of Mill-1. 
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Chapter 5 
 
Conventional Sintering and 
Characterization 
 
5.1 Phase and Microstructural Characterization 
 
Final milled powders (20 h) of alloys processed in Mill-1 were compacted at 1 GPa 
pressure for 5 minutes using a hydraulic pressing unit as mentioned in experimental 
section. The green compacts were sintered in atmosphere controlled high temperature 
tube furnace at 1673 K (1400 
o
C) in Argon gas for 1 hour. Phases present in the sintered 
specimen and their distribution were studied by XRD, SEM/EDS and TEM analysis. 
 
5.1.1 XRD Study 
 
Figure 5.1 shows the sintered products’ XRD patterns of all the alloys (A, B1, B2, C1 and 
C2) sintered at 1400 
o
C. When Figure 5.1(a) was compared with the XRD profile of 20 h 
milled powder, it reveals formation of newer peaks and increase in intensity of existing 
peaks. This implies formation of newer phases (intermetallics), release of induced strain, 
recrystallization and growth of the existing phases during sintering. Due to hindrance in 
recrystallization of the matrix with increased dispersiod, with increasing TiO2 dispersion 
the peak broadening was more and intensity was decreased (Figure 5.1(b) and (c)) 
compared to alloy A. The same trend was observed with 1-2 wt. % Y2O3 dispersed alloys 
(Figure 5.1(d) and 5.1(e)). This increased stress field due to dispersion can enhance the 
hardness and tensile strength. Moreover, the peak profile exhibits the presence of some 
intermetallic compounds like Mo2Zr, FeZr2, NiZr and Ni11Zr9. In those along with the 
intermetallic compounds, presence of TiO2 and Y2O3 were confirmed in corresponding 
alloys. These intermetallic compounds are generally good for improving toughness at 
higher temperature. 
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(a) (b) 
  
(c) (d) 
 
(e) 
Figure 5.1: XRD patterns of sintered products of alloy (a) A, (b) B1, (c) B2, (d) C1 and (e) C2 at 
1400 
o
C 
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5.1.2 SEM/EDS Study 
 
Figure 5.2 shows the SEM image of the sintered products of (a) alloy A, (b) alloy B1, (c) 
alloy B2, (d) alloy C1 and (e) alloy C2. The EDS spectra’s of corresponding alloys shown 
in Figure 5.3(a), 5.3(b) and 5.3(c). Figure 5.2 indicates that the alloys were well sintered 
but it seems that during conventional sintering substantial grain growth has been taken 
place due to longer heating period at elevated temperature. Presence of minor amount of 
porosity is also clear from the figure. The corresponding EDS spectra’s shows the 
presence of all the alloying elements. 
 
  
(a) (b) 
  
(c) (d) 
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(e) 
Figure 5.2: SEM sintered products photographs of alloy (a) A, (b) B1, (c) B2, (d) C1 and 
(e) C2 sintered at 1400 
o
C 
 
   
(a) (b) (c) 
Figure 5.3: EDS spectra of alloy (a) A, (b) B2 and (c) C2 sintered at 1400 
o
C 
 
5.1.3 TEM Study 
 
TEM micrographs of sintered products of alloy A, B2 and C2 were shown in Figure 5.4.  
Bright field image of alloy A (Figure 5.4 A(a)) exhibiting the coarse grains compared 
with alloy B2 (Figure 5.4 B2(a)) and alloy C2 (Figure 5.4 C2(a)). Corresponding bright 
field images were shown in Figure 5.4 A(b) for alloy A, Figure 5.4 B2(b) for alloy B2 and 
Figure 5.4 C2(b) for alloy C2. The spotted ring patters of alloy A (Figure 5.4 A(b)) 
represents the presence of coarse grains with multiple crystal phases and these phases 
were indexed as (300) plane of Ni3Zr and (201) plane of Zr by matching the 
corresponding d- values 0.153 nm and 0.106 nm with ICDD database. The ring patters of 
alloy B2 (Figure 5.4 B2(c)) represents the presence of FeZr2 (420), (211) plane of TiO2 and 
Zr (200) phases having d-values 0.142 nm, 0.166 nm and 0.139 nm respectively. Figure 
5.4 C2(c) represents the ring patters of alloy C2 and it shows the presence of phases Zr 
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(103) and Y2O3 (763) with corresponding d-values 0.146 nm and 0.109 nm. All the 
phases presented by TEM in alloys A, B2 and C2 were also confirmed by XRD (Figure 
5.1). From dark field and bright field TEM image analysis, the size range of the 
intermetallics was found in the range of 20-30 nm. 
 
 
A 
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B2 
 
C2 
Figure 5.4: (a) Bright field, (b) dark field TEM images and (c) corresponding SAD patterns of 
alloy A, B2 and C2 sintered at 1400 
o
C 
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5.2 Physical and Mechanical Property Study 
 
5.2.1 Density 
 
Figure 5.5 shows the densities of sintered specimens of alloys A, B1, B2, C1 and C2 
sintered at 1400 
o
C. It can be seen that the trends of green and sintered densities are 
similar with theoretical density. For all the alloys 68-69% green density was achieved and 
sintered densities were achieved 77-78% to the theoretical density. Table 5.1 shows the 
summary of density values of Zr-based alloys. The densities of alloy A, B2, C2’s are in 
ascending order. This is due to the retardation of solute diffusion during sintering and less 
stability (thermodynamic) by the presence of nano TiO2 and Y2O3 in case of alloy B2 and 
alloy C2 respectively. 
 
Figure 5.5: Variation of density with alloy composition 
 
Table 5.1: Density values of Zr based alloys 
 
Alloy 
 
Theoretical 
density (g/cc) 
Sintered density 
(g/cc) % theoretical 
density 
A 7.439 5.820 78.23 
B1 7.393 5.774 78.10 
B2 7.318 5.699 77.87 
C1 7.413 5.794 78.15 
C2 7.357 5.738 77.99 
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5.2.2 Hardness 
 
Figure 5.6 shows the variation of hardness by the dispersion of TiO2 and Y2O3. From 
figure hardness of alloy A, which does not contain any dispersion (nano-TiO2 / Y2O3), 
exhibits the lowest value. With dispersion of TiO2 (1-2 wt. %), the hardness values are 
enhanced to 5.8 to 7.0 GPa and in case of Y2O3 dispersion hardness enhanced to 5.8 to 6.3 
GPa. This increase in hardness can be attributed to the fine dispersion of TiO2/ Y2O3. 
Table 5.2 shows the summary of hardness values of Zr-based alloys. The range of 
increased hardness from alloy from B1 to B2 is more than the hardness from alloy C1 to 
C2. This is due to the high modulus of elasticity of TiO2 [143] as compared with Y2O3 
[144]. 
 
 
Figure 5.6: Variation of hardness with alloy composition 
 
Table 5.2:  Hardness Values of Zr based Alloys 
Alloy Hardness (GPa) 
A 5.10 
B1 5.79 
B2 7.00 
C1 5.43 
C2 6.30 
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5.2.3 Compressive Strength 
 
Figure 5.7 shows the compressive stress strain curves of alloy A, B1, B2, C1 and C2 
sintered at 1400 
o
C. The results indicate that the compressive strength was increased by 
addition of TiO2/ Y2O3. Moreover with increase of dispersion (TiO2/Y2O3) amount the 
strength also increases. The compressive strength enhancement was credited by solid 
solution strength and dispersion (intermetallics and TiO2/Y2O3) strengthening mechanism. 
All the alloys show marginal compressive elongation before fracture. Alloy A, B1 and C1 
showed higher values compared to alloy B2 and C2 as mentioned in Table 5.3. This can be 
attributed to large pinning strength with hard nano oxide particles and lower ductility in 
alloy B2 and C2. 
 
 
Figure 5.7: Compressive stress strain curves of sintered products of alloy A, B1, B2, C1 and C2 
 
Table 5.3: Compressive strength and strains of sintered products of alloy A, B1, B2, C1 and C2 
Alloy Compressive strength (MPa) Strain 
A 428 0.105 
B1 586 0.100 
B2 680 0.096 
C1 510 0.102 
C2 606 0.101 
 
Fracture surfaces of the compressive test specimens are shown in Figure 5.8. The alloy A, 
B2 and C2 (from Figure 5.8(a) to 5.8(c) respectively) indicate that the mode of failure was 
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mixed brittle and ductile nature. It shows evidence of cleavage type failure as well as 
secondary trace of dimple or micro-void formation.  
 
  
(a) (b) 
 
(c) 
Figure 5.8: SEM images of fractured surfaces of alloy (a) A, (b) B2 and (c) C2 
 
 
5.2.4 Wear 
 
Figure 5.9 shows the variation of wear loss as depth of penetration vs. sliding distance at a 
load of 20 N at 20 rpm sliding speed (linear sliding speed 0.004186 m/s) during wear test 
on a 4 mm diameter track for 10 min duration on the sintered products. The wear depth 
was decreasing as a function of sliding distance with 1-2 wt. % dispersoids (TiO2 in the 
case of alloy B1 and B2, Y2O3 in case of alloy C1 and C2). Alloy A showed the maximum 
depth of 25 μm and after considerable sliding distance, the depth of wear was linear and 
smooth in nature. But in case of alloys with dispersion it shows noise in the plot due to 
the presence of hard TiO2 and Y2O3 particles. 
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Figure 5.9: Variation of cumulative depth of wear as a function of sliding distance of alloy A, B1, 
B2, C1 and C2 sintered at 1400 
o
C 
 
The worn out surfaces were examined by SEM are shown in Figure 5.10. The 
micrographs indicate predominantly abrasive type of wear. In this study the present 
material having high hardness was tested against diamond indenter, resulting in surface 
abrasion mainly. Moreover, hard phases (intermetallics) and particles (TiO2/Y2O3) thrown 
out from the matrix during this abrasion can further increase the wear process by three 
body motion mechanism. Due to the evenly distribution of all alloying elements, after 
certain distance of sliding the wear loss shows linear. 
 
  
(a) (b) 
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(c) 
Figure 5.10: Micrograph of wear track of alloy (a) A, (b) B2 and (c) C2 with 20 N load 
 
Wear track of alloy A shows higher width compared to alloy B2 and C2. Moreover track 
width of alloy C2 is more than alloy B2. The trend of wear track width is similar with that 
of wear depth as shown in Figure 5.10. Moreover the edges of the wear track of alloy A 
and C2 show marks of adhesive wear mechanism due to spreading of worn out material. 
But in case of alloy B2 the track is clean and the edges of the track shows only rubbing 
/cutting marks, which is indication of abrasive wear. 
 
5.3 Corrosion Study 
 
The corrosion trends of alloy A, B1, B2, C1 and C2 were observed in 3 mole NaCl 
solution. The potentio dynamic polarizations are scanned from -1.5 to +0.5 V (vs. 
Calomel electrode: SCE) with scan rate 0.008002 V/s and step potential 0.00244 V. 
Figure 5.11 shows potentiodynamic polarization curves of alloy A, B1, B2, C1 and C2 
(respectively from Figure 5.11 (a) to 5.11 (e)). The corrosion rates were calculated in 
mm/year. The calculated and observed corrosion rates, Ecorr and Icorr are summarized in 
Table 5.4.  It can clearly be observed from Figure 5.11 (a) and Table 5.4 that addition of 
TiO2 increases Icorr and corrosion rate. Further it was observed that alloy B2 displays 
better corrosion property than B1. Addition of TiO2 hinders crystallization /growth during 
sintering resulting finer structure which in turn increases the corrosion attack. But, at the 
same time TiO2 helps formation of primary oxide layer of Zr (ZrO2) as adherent oxide 
layer formation is the key mechanism of corrosion and oxidation resistance of Zirconium 
alloys, TiO2 addition in the present alloy plays two opposing roles. 
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(a) (b) 
Figure 5.11: Variation of corrosion potential as a function of current density (a) with TiO2 
dispersion and (b) with Y2O3 dispersion in 3 Mole NaCl solution 
 
With addition of higher amount of TiO2 (alloy B2) the corrosion current and corrosion rate 
goes down as observed in Table 5.4. This can be attributed towards the positive role of 
TiO2, i.e., helping in ZrO2 formation. Similar trend was also observed in case of Y2O3 
dispersed alloys (alloy C1 and C2). In this case corrosion property improves with addition 
of any amount of Y2O3. This may be due to better oxide stabilizing property of Y2O3.  
 
Table 5.4: Potentiodynamic test result of alloy A, B1, B2, C1 and alloy C2 in 3 Mole NaCl solution 
Alloy Ecorr (V) observed Ecorr (V) 
calculated 
Corrosion rate 
(mm/year)Χ10-2 
Icorr (A/cm
2
)Χ10-
6
 
A -1.278 -1.284 6.4034 3.6434 
B1 -0.798 -0.802 21.0607 13.6407 
B2 -0.849 -0.833 10.5870 6.9610 
C1 -0.624 -0.610 2.7617 1.8097 
C2 -0.709 -0.701 2.1678 1.3948 
 
 
5.4 Oxidation Study 
 
5.4.1 Isothermal Oxidation 
 
Figure 5.12 shows weight gain vs. time plot obtained during isothermal oxidation study of 
alloy A, B2 and C2 carried out at 800, 900 and 1000 
o
C along with corresponding kinetics 
study. As the weight due to oxidation shows parabolic nature [145]. Figure 5.13 compares 
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the kinetics of isothermal oxidation in terms of rate constant as a function of temperature 
for alloys A, B2 and C2. 
 
  
(a) 
  
(b) 
  
(c) 
Figure 5.12: Isothermal oxidation kinetics and their corresponding Arrhenius plot for alloy (a) A, 
(B) B2 and (c) C2 at 800, 900 and 1000 
o
C for 50 hours 
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Figure 5.13: Kinetics of isothermal oxidation in terms of rate constant as a function of 
temperature for alloys A, B2 and C2 
 
The activation energies of the alloys were calculated by using Arrhenius relationship. The 
plots of alloy with the parabolic rate constant ln (Kp) as a function of inverse of 
temperature T was shown in Figure 5.12. The co-related Arrhenius parameters are 
summarized in Table 5.5. For isothermal oxidation from the parabolic curves the 
calculated activation energies are 96.86±1.36 kJ mol
-1
, 81.84±0.91 kJ mol
-1
 and 
80.08±1.19 kJ mol
-1
 for alloy A, B2 and C2 respectively. From the obtained values it can 
be understood that compared to alloy A, oxidation of alloy B2 and C2 is faster and C2 
shows marginal faster kinetics over alloy B2. Similar effect of TiO2 and Y2O3 on oxide 
layer formation was observed during corrosion study.  
 
Table 5.5: Arrhenius parameters of isothermal oxidation of alloys at different temperatures 
Alloy Temperature 
(
o
C) 
Rate constant KP Χ10
-9
 (g
2
.cm
-
4
.s
-1
) 
Activation energy (kJ/ 
mol) 
 800 2.45  
A 900 8.536 96.86±1.36 
 1000 23.54  
 800 5.688  
B2 900 15.19 81.84±0.91 
 1000 32.34  
 800 8.45  
C2 900 20.20 80.08±1.19 
 1000 43.70  
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Figure 5.14 shows the X-ray diffraction patterns of alloy A, B2 and C2 after oxidation at 
1000 
o
C for 50 hours. From the XRD patterns of all three alloys it can be seen that the Zr 
was oxidized to ZrO2 and Fe was oxidized to Fe2O3, along with other oxides and 
intermetallics. From the XRD pattern of alloy B2 (Figure 5.14(b)), formation of ZrO2 is 
more active than the alloy A (Figure 5.14(a)) due to the dispersion of TiO2. Diffusion of 
these metals may leads to the formation of ZrO2 or TiO2 ceramic membrane. In alloy B2 
the continuous and high intensity ZrO2 peaks confirmed the formation of ZrO2 oxide 
layer. In case of Y2O3, formation of more ZrO2 was observed (Figure 5.14(c)) as indicated 
earlier by kinetics study. 
 
 
(a) 
  
(b) (c) 
Figure 5.14: Oxide samples XRD patterns of alloy (a) A, (b) B2 and (c) C2 at 1000 
o
C for 50 hours 
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(a) (b) 
 
(c) 
Figure 5.15: Surface morphologies of alloy (a) A, (b) B2 and (c) C2 specimens after oxidized at 
1000 
o
C 
 
Figure 5.15 a-c shows the surface morphologies of the oxide scale formed on alloys A, B2 
and C2 respectively after isothermal oxidation for 50 h at 1000 
o
C. It is seen that the oxide 
layer in case of alloy A (Figure 5.15 (a)) was discontinuous and fine in nature. The oxide 
layer formed in alloy B2 (Figure 5.15 (b)) was discontinuous, thicker and relatively larger. 
The oxide layer formed on the surface of alloy C2 (Figure 5.15 (c)) was free of pores and 
dense. Moreover, thickness of the oxide layer seems to be thicker indicating stable oxide 
growth. Some depleted zones are formed in alloy A and B2 as indicated in SEM images. 
This can be linked with the isothermal kinetic curve (1000 
o
C) of alloy A and B2 (Figure 
5.12) where some data points are not truly in parabolic path.  
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5.4.2 Non-Isothermal Oxidation 
 
Figure 5.16 compares the extent of oxidation (α) in alloys A, B2 and C2 at different 
heating rates (4, 6, 8 and 10 K/min). In case of 10 K/min (Figure 5.16 (d)), the oxidation 
of alloy B2 is negligible until about 380 K and then the alloy shows a rapid oxidation, 
which slows down beyond about 800 K. The alloy A shows a higher onset temperature for 
oxidation (620 K) and a better oxidation resistance to start in comparison to the alloys B2 
and C2. Data obtained from other heating rate show similar trend. 
 
  
(a) (b) 
  
(c) (d) 
Figure 5.16: Non-isothermal oxidation behavior (α vs. T plot) of A, B2 and C2 alloys 
 
The activation energy for the start of oxidation in all the alloys is calculated from the 
Kissinger plot using the onset temperature of oxidation at different heating rates (4-10 
K/min), and the same is shown in Table 5.6. From the table it can be summarized that the 
energy values obtained from isothermal and non isothermal experiments are in close 
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proximity. The alloy A shows clearly much higher activation energy for the start of 
oxidation suggesting a higher resistance for initiation of oxidation in comparison to the 
alloys B2 and C2. 
 
Oxidation study of different alloys tells that addition of dispersion (TiO2/Y2O3) 
deteriorate high temperature oxidation property of the present alloy. But, on the other 
hand it improves corrosion resistance of the alloy in aqueous medium due to similar 
mechanism. 
 
Table 5.6: Activation energy for the start of oxidation in alloys A, B2 and C2 calculated from 
Kissinger plot 
Alloy Activation energy for the oxidation to 
start (kJ/mol) 
Start temperature or oxidation  
(10 K/min) 
A 94.36±2.16 620 
B2 80.61±1.96 500 
C2 78.63±1.53 380 
 
 
5.5 Summary 
 
In the present chapter, powders obtained from Mill-1 were conventionally sintered at 
1400 
o
C for 1 h in Argon atmosphere in a vacuum furnace. The sintered product was 
subjected to characterize to understand the phase evolution and its related physical, 
mechanical, electrochemical and oxidation properties. Effect of dispersoids (nano 
TiO2/Y2O3) addition on the above mentioned properties is summarized below. 
 
 Phase evolution of consolidated products by XRD analysis showed presence of 
intermetallic compounds like Mo2Zr, FeZr2, NiZr and Ni11Zr9 along with TiO2/Y2O3 
phase in Zr matrix.  
 
 From SEM analysis it was observed that grain growth has been taken place due to 
longer heating period at elevated temperature during conventional sintering. Presence 
of minor amount of porosity was visible from the SEM micrographs. EDS analysis 
confirms the presence of Zr along with other alloying elements. 
 
 From bright and dark field TEM image and SAD analysis, presence of different 
intermetallics (FeZr2, Ni3Zr) of 20-30 nm size along with TiO2/Y2O3 (10-20 nm) 
throughout the matrix was confirmed. 
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 It was found that hardness increases with increase in dispersion of TiO2/Y2O3 and 
maximum hardness of 7.0 GPa was recorded for alloy B2 compared to other alloys 
sintered at 1400 
o
C. 
 
 Similar trend as hardness was also recorded during compressive test. Amongst all the 
alloys, alloy B2 showed maximum compressive strength of 680 MPa.  
 
 Wear test results display similar trend as that of hardness and compressive strength. 
The wear mechanism was found mainly abrasive in nature in all the samples.  
 
 Potentio dynamic polarization test results indicate that increase in TiO2 dispersion 
from 1 to 2 wt. % (alloy B1 and B2) decreases the corrosion rate drastically. On the 
other hand the alloy dispersed with Y2O3 (alloy C1 and C2) shows continuous decrease 
in corrosion rate from 0 to 2 wt. % Y2O3. Thus, alloy C2 displays minimum corrosion 
rate (2.1678 mm/year Χ 10
-2
) compared to all alloys discussed here. 
 
 Samples sintered with addition of TiO2/Y2O3 dispersoids (alloy B2 and C2) shows 
marginal higher oxidation rate in both isothermal and non isothermal study as 
compared to alloy A. Similar trend was noticed in terms of activation energy of 
oxidation calculated by both isothermal and non isothermal analysis. 
 
Finally, it can be concluded that sample conventionally sintered with addition of 
TiO2/Y2O3 dispersoids enhances mechanical properties in terms of hardness, compressive 
strength and wear resistance with marginally higher oxidation rate.  
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Chapter 6 
 
Spark Plasma Sintering and 
Characterization 
 
6.1 Phase and Microstructural Characterization 
 
The 10 hours milled powders of all the alloys collected from Mill-2 were sintered in a 
spark plasma sintering unit at three different temperatures of 900, 950 and 1000 
o
C. To 
study the phase evaluation and morphology of the sintered products, the samples were 
characterized by X-ray diffraction (XRD), scanning electron microscopy (SEM) and 
Transmission electron microscope (TEM). 
 
6.1.1 XRD Study 
 
Figure 6.1 represents the XRD results of sintered products of alloy A, B1, B2, C1 and C2 at 
different sintering temperature (900, 950 and 1000 
o
C). From the XRD patterns of alloy A 
(Figure 6.1(a)) and with reference to its milled condition it can be observed that there was 
recrystallization after sintering. But, due to minor recrystallization, peak broadening still 
persists and change in peak position was also negligible. Moreover, with increase in 
sintering temperature there was not any appreciable change in the patterns. During 
sintering, formation of intermetallic compounds like MoNi, FeNi, Ni3Zr, Mo3Zr, Fe3Zr 
and Ni11Zr9 was also noticed as shown in Figure 6.1(a). Due to the thermal activation 
during sintering, intermetallic formation of reactive metals is a common phenomenon. 
Formation of Zr based intermetallics during sintering in different systems was reported by 
several researchers [146]. It is worth mentioning that such intermetallics are capable of 
retaining toughness of the material at high temperature. In case alloys B1 and B2, C1 and 
C2 similar XRD results were obtained as shown in Figure 6.1(b) and (c), Figure 6.1(d) and 
(e) respectively. In those, along with these intermetallic compounds, presence of TiO2, 
Y2O3 were confirmed in corresponding alloys. 
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(a) (b) 
  
(c) (d) 
 
(e) 
Figure 6.1: XRD patterns of sintered products of alloy (a) A, (b) B1, (c) B2, (d) C1 and (e) C2 at 
different sintering conditions 
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6.1.2 SEM/EDS Study 
 
Figure 6.2 shows the FESEM images and corresponding EDS spectra of sintered samples 
of alloys A, B2 and C2 consolidated at 1000 
o
C. There was no substantial grain growth 
after sintering and neck formation was also observed. In some specific region of the 
micrograph liquid phase formation took place possibly due to localized high temperatures 
during SPS. Due to the small sintering time in SPS the grain size was limited to 100-200 
nm. Similar fine structure using SPS was reported earlier [147]. The EDS spectra showed 
the presence of all alloying elements. 
 
  
(a) 
  
(b) 
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(c) 
Figure 6.2: SEM photographs and corresponding EDS spectra of alloy (a) A, (b) B2 and (c) C2 
sintered at 1000 
o
C 
 
 
6.1.3 TEM Study 
 
Figure 6.3 shows the TEM micrographs of SPS (sintered at 1000 
o
C) products of alloy A, 
alloy B2 and alloy C2. In the bright field TEM image (Figure 6.3A(a)), continuous dense 
appearance of the matrix was evident which can be due to partial liquid phase sintering as 
indicated earlier from the SEM analysis (Figure 6.2(a)). The SAD pattern (bright spots 
and intermittent diffraction rings) of alloy A confirmed the formation of FeNi and Mo2Zr 
intermetallics after mapping the d spacing (0.178 nm for Zr (201), 0.227 nm for Mo2Zr 
(311) and 0.127 nm for FeNi (220)) of these with the observed rings. Presence of these 
was also indicated by XRD study (Figure 6.1(a)). 
 
Figure 6.3(B2) represents the bright and dark field images and corresponding SAD pattern 
of the alloy B2. From the bright and dark field images (Figure 6.3B2(a) and 6.3B2(b)) it 
can be observed that the secondary and intermetallic phases of 10-20 nm size were 
distributed uniformly in the matrix. The analysis of SAD pattern (Figure 6.3B2(c)) 
confirmed the presence of (110) plane of TiO2 (d spacing 0.349 nm), (311) plane of Fe3Zr 
(d spacing 0.268 nm) and (111) plane of FeNi (d spacing 0.207 nm). 
 
Figure 6.3(C2) represents the bright and dark field images and corresponding SAD pattern 
of the alloy C2. From the bright and dark field images (Figure 6.3C2(a) and 6.3C2(b)) it 
can be observed that Y2O3 and other intermetallics of 10-20 nm size were uniformly 
distributed within a nano crystalline matrix. In Figure 6.3C2(c), one specific interplanar 
spacing was measured as 0.305 nm, which corresponds to the interplanar spacing of BCC 
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Y2O3. It is evident from the image (Figure 6.3C2(d)) that the sample consists of several 
nano crystalline grains. SAD pattern of alloy C2, (Figure 6.3C2(d)), presence of (200) 
plane of FeNi (d spacing 0.181 nm), (220) plane of Mo2Zr (d spacing 0.269 nm) and 
(313) plane of Y2O3 (d spacing 0.21 nm) were confirmed. Presence of these phases was 
also confirmed by the XRD analysis (Figure 6.1(e)). Formation of intermetallics is a 
common phenomenon during sintering of mechanically alloyed powder as recently 
reported by Karak et al.  for nano Y2O3 dispersed ferritic alloys [148], Roy et al. for nano 
TiO2 dispersed Al based alloys and others [149]. Metastable extended solid solution 
formed during milling tend to form intermetallics as per their contributing elements and  
chemical affinity with help of thermal energy supplied during sintering and release of 
stored milled energy. 
 
 
A 
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B2 
 
C2 
Figure 6.3: (a) Bright field, (b) dark field TEM images and corresponding SAD patterns of alloy 
A, B2 and C2 sintered at 1000 
o
C 
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6.2 Physical and Mechanical Property Study 
 
6.2.1 Density 
 
Figure 6.4 shows the densities of spark plasma sintered samples of alloy A, B1, B2, C1 and 
C2 at sintering temperatures of 900, 950 and 1000 
o
C. It can be observed that with 
increase in SPS temperature, the density increases. The maximum density achieved was 
nearly 99.5% of the theoretical density (alloy A, 1000 
o
C). SPS technique involves short 
time uniform sintering of amorphous/metastable phase materials involving vaporization, 
melting on the particle surface by simultaneous application of temperature and pressure, 
which leads to development of high density products. In the present study, possible partial 
liquid phase formation also attributes towards achievement of high density. The density 
values of all the sintered alloys are summarized in Table 6.1. 
 
 
Figure 6.4: Variation of density with alloy composition and sintering temperature 
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Table 6.1: Density values of sintered products of alloy A, B1, B2, C1 and C2 
Alloy Theoretical density 
(g/cc) 
Sintering 
temperature (
o
C) 
Density 
(g/cc) 
% Theoretical 
density 
  900 7.350 98.79 
A 7.440 950 7.390 99.32 
  1000 7.401 99.47 
  900 7.306 98.86 
B1 7.390 950 7.358 99.56 
  1000 7.370 99.72 
  900 7.246 99.01 
B2 7.318 950 7.297 99.71 
  1000 7.301 99.76 
  900 7.330 98.88 
C1 7.4128 950 7.380 99.55 
  1000 7.394 99.74 
  900 7.280 99.02 
C2 7.3516 950 7.330 99.70 
  1000 7.342 99.86 
 
6.2.2 Hardness 
 
Figure 6.5 shows the hardness values of spark plasma sintered samples of alloy A, B1, B2, 
C1 and C2 at sintering temperatures of 900, 950 and 1000 
o
C. It can be observed that with 
increase in SPS temperature, the hardness increases. It was also observed that hardness 
values of all the sintered samples were also affected by amount of dispersion 
(TiO2/Y2O3). Moreover, in spite of partial liquid phase formation, fineness of the matrix 
and the intermetallics/dispersoids still persists due to characteristics of SPS process; i.e., 
very high heating rate and low sintering time. The maximum hardness values achieved in 
the present study was 16.853 GPa in alloy B2 and 16.19 GPa in alloy C2 sintered at 1000 
o
C. Conventional sintering of similar systems yields maximum hardness value of 6.96 
GPa as reported earlier in the previous chapter. The current alloys achieve high hardness 
compared to commercially available pure cold-rolled Zr or Zircaloy-2 (ASTM UNS 
Grade R60802) whose hardness is in the range 0.85 to 2.2 GPa. The hardness values of 
alloys are also mentioned in Table 6.2. 
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Figure 6.5: Variation of hardness with alloy composition and sintering temperature 
 
 
Table 6.2: Hardness values of sintered products of alloy A, B1, B2, C1 and C2 
Alloy Sintering 
temperature (
o
C) 
Hardness 
(GPa) 
 900 10.38 
A 950 10.89 
 1000 12.01 
 900 13.20 
B1 950 13.88 
 1000 14.46 
 900 13.71 
B2 950 14.57 
 1000 16.85 
 900 12.85 
C1 950 13.53 
 1000 14.11 
 900 13.04 
C2 950 13.91 
 1000 16.19 
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6.2.3 Compressive Strength 
 
Figure 6.6 represents the compressive stress-strain curves of alloy A, B1, B2, C1 and C2 
sintered at 900 
o
C obtained by using a universal testing machine (Instron SATEC-600 kN 
& 1000 kN) at room temperature with cross head velocity of 0.2 mm/min. Compressive 
test results indicate that the compressive strength was increased by the increase of 1-2 wt. 
% TiO2/ Y2O3 dispersion and by the increasing sintering temperature as well. This is due 
to the fact that enchantment of compressive strength of the alloys attributed by solid 
solution strengthening and dispersion strengthening mechanism. However, the 
compressive elongation of alloys gradually decreases with increase in the amount of 
dispersoid (nano-TiO2/ Y2O3) in the Zr matrix. According to Griffith theory, the ductility 
drops with the presence of micro cracks which act to concentrate the stress at their tips 
and the stress distribution in the vicinity of crack under constant velocity. The maximum 
compressive strength and deformation to fracture values are listed in Table 6.3. It can be 
observed that fracture strain was maximum (0.12) in alloy A. According to the previous 
research reports, the alloys discussed in the present study shows appreciable increase in 
deformation along with higher strength value [150]. 
 
 
Figure 6.6: Compressive stress strain curves of sintered products of alloy A, B1, B2, C1 and C2 
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Table 6.3: Compressive strength and strains of sintered products of alloy A, B1, B2, C1 and C2 
Alloy Compressive strength (MPa) Strain 
A 825 0.120 
B1 1032 0.103 
B2 1240 0.094 
C1 919 0.105 
C2 1199 0.100 
 
SEM fractographs of compressive specimens are shown in Figure 6.7. All the fracture 
surfaces mainly exhibit brittle fracture with presence of micro pores, quasi cleavage 
planes and facets. Due to this, fractographs of the alloys resemble amorphous matrix. 
 
  
(a) (b) 
  
(c) (d) 
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(e) 
Figure 6.7: SEM images of fractured surfaces of alloy (a) A, (b) B1, (c) B2, (d) C1 and (e) C2 
 
In case of alloys B2 and C2, presence of micro voids and cracks was more pronounce due 
to presence of higher amount of dispersoid phase. As amount dispersoid was increased, 
brittleness increases due to the pile up of layers, pinning of layer gliding and formation of 
intermetallics associated with Fe, Ni, Mo and Zr. 
 
6.2.4 Wear 
 
To study the mechanical properties of the sintered products, ball-on-plate type wear 
testing was carried out on samples of alloys A, B1, B2, C1 and C2 sintered at 1000 
o
C, as 
they showed better hardness compared to others. Figure 6.8 shows the variation of wear 
depth as a function of sliding distance at 40 N normal load with 20 rpm speed on a 4 mm 
diameter track. Such wear test was carried out for 10 minutes with linear velocity of 
0.004186 m/s on the sintered products using a diamond indenter having Rockwell 
geometry. From the figure, it is evident that the variation of wear depth as a function of 
sliding distance was similar in manner i.e., with sliding distance wear depth increases. 
Minute observation revealed that upto 100 cm of sliding distance, alloy A and C1 shows 
maximum wear depth compared to others leading to end result of poorest wear depth of 
alloy A and C1 amongst the all at final stage. In other words the slope of the plot (which 
can be designated as wear rate) is steeper or poor for alloy A and C1 compared to alloy 
B1, B2 and C2. In initial stage of this type of wear test there is sudden rise in wear depth 
due to engagement of the indenter with the specified load. After that the material property 
shows its actual nature in terms of its wear characteristics. In case of alloys B1, B2 and C2, 
after initial sliding/deformation, dislocation movement is hindered by the presence of 
dispersoid (TiO2/ Y2O3) which is absent in alloy A. This mechanism leads to lower rate of 
  
Chapter 6 Spark Plasma Sintering and Characterization  
91 
 
wear in case of alloy B1, B2 and C2 as shown in the figure. Moreover, the final wear 
characteristics shown in Figure 6.8 matches well with hardness values reported in earlier 
section. 
 
 
Figure 6.8: Wear test results of sintered products of alloy A, B1, B2, C1 and C2 sintered at 1000 
o
C 
 
The worn out surfaces produced by the wear test was subsequently analyzed by field 
emission scanning electron microscope as shown in Figure 6.9. From the figure it can be 
observed that the width of the wear track is maximum for alloy A and C1, minimum in 
case of alloys B2 and C2 representing the same outcome obtained in wear plot. The 
appearance of the wear track was shiny and consisted of scratching/rubbing mark 
throughout the track. This type of smooth appearance is exhibited in case of 
abrasive/brittle wear. But, at the inner edges of the wear track there are minor marks of 
material flow which is characteristics of adhesive kind of wear. Moreover, in case of alloy 
B2 and C2 the inner edges show discontinuous material flow as compared to alloy A and 
C1 as these have better strength/brittleness for the dispersion. Therefore, the overall wear 
mechanism of these materials discussed in the study is mainly abrasive in nature with 
minor of shift towards adhesive nature. Moreover, in case of alloy B1, B2 and C2, worn 
out TiO2 and Y2O3 particles respectively may act as the third body leading to abrasive 
wear three body motion mechanism as reported earlier by Parida et al [151]. 
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(a) (b) 
  
(c) (d) 
 
(e) 
Figure 6.9: FESEM micrographs of worn surfaces of alloy (a) A, (b) B1, (c) B2, (d) C1 and (e) C2 
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6.3 Corrosion study 
 
Figure 6.10 shows polarization curves of alloy A, B1, B2, C1 and C2 in 3 mole NaCl  
electrolyte solution treated from -1.5 to +0.5 V (vs. Saturated Calomel electrode; SCE) 
with scan rate 0.008002 V/s and step potential 0.00244 V. The corrosion current and 
corrosion potential acquired from fitting the polarization curves are listed in Table 6.4. 
According to the results, the oxide dispersion of 1-2 wt. % TiO2/Y2O3 enhanced the 
corrosion resistance in alloys B2 and C2. The alloy A acquired highest corrosion potential 
of -0.825 V and less corrosion rate than TiO2 dispersed alloys B1 and B2; but the 
corrosion resistance of alloy B2 is better than alloy B1. Moreover alloy A has more 
corrosion rate than Y2O3 dispersed alloys C1 and C2. This demonstrates that the corrosion 
rate has been decreased by 2 wt. % TiO2/Y2O3 in alloys B2 and C2.  This phenomenon can 
be explained by the poor quality of the formation of ZrO2 layer. Alloy A has coarse grain 
structure, alloy B1 has finer structure obtained by addition of TiO2 and this increases the 
corrosion rate. But the probability of formation of ZrO2 was higher with the addition of 
higher amount of TiO2 helps in formation of high dense adherent oxide layer. Similar 
trend was observed in alloys C1 and C2 also.  Similar trend was also observed in previous 
chapter where conventional sintered samples were studied. 
 
 
Figure 6.10: Potentiodynamic polarization curves for alloys A, B1, B2, C1 and C2 in 3 Mole NaCl 
solution 
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Table 6.4: Potentiodynamic test result of alloy A, B1, B2, C1and alloy C2 in 3 Mole NaCl solution 
Alloy Ecorr (V) 
observed 
Ecorr (V) 
calculated 
Corrosion rate 
(mm/year)Χ10-2 
Icorr (A/cm
2)Χ10-6 
A -0.825 -0.853 5.010 2.350 
B1 -0.533 -0.548 19.52 11.10 
B2 -0.566 -0.560 8.262 4.636 
C1 -0.421 -0.397 2.172 1.220 
C2 -0.478 -0.473 1.713 0.940 
 
Figure 6.11 shows the surface morphology of the zirconium alloys after potentio dynamic 
polarization test in 3 mole NaCl solution. It indicates that the corrosion on surface of alloy 
B2 and C2 was uniform and showed formation of strong aggregates of oxide layer (Figure 
6.11(d) and (e)). The irregular and porous morphology that appears in alloy B1 and C1 
(Figure 6.11(b) and (c)), is due to the sudden changes in ionic concentration by the 
dispersion of TiO2 and Y2O3 respectively. Zirconium show high passivity in oxidizing 
environment due to the formation of thin oxide film (ZrO2) on the surface.  Initially with 
1 wt. % TiO2/Y2O3 the formation of oxide layer was severe but with 2 wt. % TiO2/Y2O3 
changes in ionic concentration was negligible and doesn’t affects the diffusivity of ions 
near electrolyte surfaces. At these concentrations the diffusion of ions becomes slow and 
oxide layer inhabits the further corrosion by separating the metals from the electrolyte. 
 
  
(a) (b) 
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(c) (d) 
 
(e) 
Figure 6.11: Surface morphologies of  alloy (a) A, (b) B1, (c) B2 (d) C1 and (e) C2 after 
potentiodynamic polarization test in 3 mole NaCl solution 
 
 
6.4 Oxidation Study 
 
6.4.1 Isothermal Oxidation 
 
Figure 6.12 shows the isothermal oxidation kinetics of alloy A, B2 and C2 carried out at 
900, 1000 and 1100 
o
C for 50 hours. The oxidation follows parabolic rate law in case of 
all three alloys. Figure 6.13 compares the rate constant of isothermal oxidation (Kp) 
during exposure to 900, 1000 and 1100 
o
C in dry air for alloy A, B2 and C2. From Figure 
6.12 (a), (b) and (c) it was seen that with increasing oxidation temperature the weight 
gain/oxidation increases as expected. When all the figures were compared then it was 
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observed that for alloy A, the weight gain is lower than the alloys B2 and C2 at each 
oxidation temperature. The figure shows that oxidation is more in case of alloy C2 and 
less for alloy A. Activation energy for isothermal oxidation is calculated from ln(Kp) 
versus 1/T plots are shown in Figure 6.12. 
  
(a) 
  
(b) 
  
(c) 
Figure 6.12: Isothermal oxidation kinetics and their corresponding Arrhenius plot for alloy (a) A, 
(b) B2 and (c) C2 at 900, 1000 and  1100 
o
C in air for 50 hours 
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Figure 6.13: Kinetics of isothermal oxidation in terms of rate constant as a function of 
temperature for alloys A, B2 and C2 
Table 6.5 shows that the rate constants and activation energies as calculated from 
isothermal results over the temperature range of 900-1100 
o
C. The activation energy for 
oxidation of alloy A is higher than alloy B2 and C2. Here it is evident that with presence 
of dispersoids in alloys, the activation energy decreases and hence the oxidation rate 
increases. Same trend was observed during oxidation study of conventionally sintered 
alloys. But, the activation energies reported here are higher than those of conventionally 
sintered samples. Though oxidation kinetics is highly grain boundary diffusion driven 
mechanism and samples sintered with SPS techniques shows finer grain size, less porosity 
makes the SPS alloys more oxidation resistance. 
 
Table 6.5: Arrhenius parameters of isothermal oxidation of alloys at different temperatures 
Alloy Temperature (
o
C) Rate constant KP Χ10
-9
 (g
2
.cm
-
4
.s
-1
) 
Activation energy (kJ/ 
mol) 
 900 3.39  
A 1000 10.13 153.57±1.32 
 1100 33.89  
 900 4.15  
B2 1000 11.74 149.31±1.57 
 1100 38.98  
 900 5.65  
C2 1000 17.00 149.65±1.30 
 1100 53.69  
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The XRD patterns of oxidized samples of alloy A, B2 and C2 (Figure 6.14(a), (b) and (c) 
respectively) show that the main constituent of the oxide scale is ZrO2 in case of all three 
alloys. Peaks of Fe3O4, NiO and NiMoO4 were also detected in alloy A. From the XRD 
pattern of alloy B2 (Figure 6.14(b)), formation of ZrO2 is more active than the alloy A 
(Figure 6.14(a)) due to the dispersion of TiO2. In alloy B2 the continuous and high 
intensity ZrO2 peaks confirmed the formation of ZrO2 oxide layer. In case of Y2O3, 
formation of more ZrO2 was observed (Figure 6.14(c)) as indicated earlier by kinetics 
study. 
 
(a) 
  
(b) (c) 
Figure 6.14: Oxide samples’ XRD patterns of alloy (a) A, (b) B2 and (c) C2 at 1100 
o
C for 50 
hours 
 
The SEM micrographs of the surface of the oxidized samples of alloy A, B2 and C2 are 
shown in Figure 6.15(a)-(c) respectively. The oxidized surface layer of alloy A consists of 
small cracks, while bigger cracks were observed in alloy B2. A continuous and fully dense 
oxide layer was covered on the surface of the alloy C2. Alloy C2 which does not show any 
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surface cracks even at the temperature of 1100 
o
C suggest higher stability of the surface 
oxide. 
 
  
(a) (b) 
 
(c) 
Figure 6.15: Isothermally oxidized sample surface morphologies of alloy (a) A, (b) B2 and (c) C2 
at 1100 
o
C for 50 hours 
 
 
6.4.2 Non-Isothermal Oxidation 
 
Figure 6.16 compares the extent of oxidation (α) in alloy A, B2 and C2 upto 1000 
o
C at the 
heating rates of 4, 6, 8 and 10 K/min. Alloy A has shown very low values of α up to 773 
K in comparison to alloys B2 and C2. However, the alloys B2 and C2 has higher oxidation 
resistance than alloy A at high temperature. The extent of oxidation is low for the alloy A 
in comparison to the B2 and C2 alloys indicating that oxidation resistance has increased 
after nano crystallization. The degree of oxidation at the heating rate of 10 K/min, α, for 
the alloys B2 and C2 was higher at lower temperature is shown in Figure 6.16(d), there is a 
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gradual increase in oxidation resistance with increase in temperature. The activation 
energy of oxidation was calculated from the slope of the Kissinger plot ln (Φ/Tp
2
) versus 
1/Tp, where Φ is the heating rate, Tp is the onset temperature of oxidation in the heating 
rate range of 4-10 K/min. Table 6.6 shows the values of activation energies calculated 
from Kissinger relation and the start temperatures of oxidation at a heating rate of 10 
K/min. 
 
  
(a) (b) 
  
(c) (d) 
Figure 6.16: Non-isothermal oxidation behavior (α vs. T plot) of A, B2 and C2 alloys 
 
Table 6.6: Activation energy for the start of oxidation in alloys A, B2 and C2 calculated from 
Kissinger’s plot 
Alloy Activation energy for the oxidation to 
start (kJ/mol) 
Start temperature of oxidation  
(10 K/min) 
A 151.26±3.21 906 
B2 143.22±1.84 748 
C2 139.71±2.67 680 
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6.5 Summary 
 
This chapter deals with consolidation of powders obtained from Mill-2 by SPS at 900, 
950 and 1000 
o
C followed by phase analysis and microstructural, mechanical, 
electrochemical and oxidation properties analysis by XRD, SEM, TEM, hardness, 
compressive, wear, corrosion, isothermal and non isothermal oxidation testing. Moreover, 
structure property correlation has been emphasized in the current chapter. In view of this, 
effect of dispersoids (nano TiO2/Y2O3) addition and consolidation parameters on the 
above mentioned properties is summarized here. 
 
 XRD analysis of the samples sintered by SPS technique at various temperatures shows 
presence of intermetallics like MoNi, FeNi, Ni3Zr, Mo3Zr and Fe3Zr along with 
TiO2/Y2O3 phase in Zr matrix.  
 
 FESEM of samples consolidated by SPS showed fined structure with sub micron to 
nanometric size range. Partial liquid phase sintering was taken place in samples 
sintered at 1000 
o
C as shown in specific FESEM micrographs. 
 
 From TEM analysis (bright and dark field TEM image and SAD patterns) presence of 
different intermetallics (FeNi, Mo2Zr and Fe3Zr) of 10-20 nm size along with uniform 
dispersion of TiO2/Y2O3 in the size range of 10-20 nm was confirmed. 
 
 Products sintered with SPS technique showed high density values (~ 99% theoretical 
density at 1000 
o
C) and it was found that sinter density increases with increasing in 
sintering temperature. 
 
 Hard enhancement was observed with increasing sintering temperatures and 
dispersoid (TiO2/Y2O3) content. Samples with TiO2 dispersion shows higher hardness 
compared to samples dispersed with Y2O3 and without dispersion. Maximum hardness 
of 16.85 GPa was recorded for alloy B2 sintered at 1000 
o
C. 
 
 Similar trend of hardness was also observed during compressive test for all the alloys.  
Alloy B2 recoded highest compressive strength (~1240 MPa) when sintered at 1000 
o
C. The value is almost 1.5 times higher than that was recorded in conventionally 
sintered alloy.  
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 Wear test results show similar trend as that was found during hardness and 
compressive strength measurements. Wear depths recoded here are smaller than that 
was reported during wear test of conventionally sintered samples.  
 
 Potentio dynamic polarization test reveals that alloys dispersed with higher amount of 
dispersoids (TiO2/Y2O3) exhibits lower values of corrosion current density. Alloy C2 
records minimum corrosion rate (1.713 mm/year Χ 10
-2
) compared to all alloys 
discussed. 
 
 Alloy A registrars better oxidation resistance in terms of oxidation activation energy 
and start temperature of oxidation than that of samples sintered with addition of 
TiO2/Y2O3 dispersoids (alloy B2 and C2). 
 
At the end, it was summarized from the abovementioned points that sample synthesized 
by Mill-2 and SPS technique with addition of TiO2/Y2O3 dispersoids shows better 
mechanical properties in terms of hardness, compressive strength and wear resistance. 
Improvement was also observed with increasing sintering temperatures. However, 
dispersion addition showed reverse trend in terms of oxidation resistance.  
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Chapter 7 
 
Conclusion 
 
7.1 Summary 
 
In the present study, a systematic attempt has been made to develop 1.0-2.0 wt. % nano-
TiO2/Y2O3 dispersed Zr-Fe-Ni-Mo alloys (Zr45Fe30Ni20Mo5, Zr44Fe30Ni20Mo5 (TiO2)1, 
Zr44Fe30Ni20Mo4 (TiO2)2, Zr44Fe30Ni20Mo5 (Y2O3)1 and Zr44Fe30Ni20Mo4 (Y2O3)2) by 
mechanical alloying in two different high energy ball mills followed by subsequent 
consolidation by conventional and spark plasma sintering. It explores the synthesis of 
alloy powders involving two different mills and sintering methods used for consolidation 
of milled powders, effect of dispersiod (1.0-2.0 wt. % nano-TiO2/Y2O3) on the physical, 
mechanical, corrosion and oxidation properties of the alloys. A few significant new 
notions have been made in the development of nano- TiO2/Y2O3 dispersed Zr-Fe-Ni-Mo 
alloys by evaluating the results in terms of synthesis and characterization, consolidation, 
physical and mechanical properties (density, hardness, compressive strength and wear 
resistant), high temperature oxidation and corrosion resistance. 
 
Major outcomes of the present study are summarized as follows: 
 
 XRD analysis of the milled product shows that each alloy constitutionally formed 
solid solution indicating that Fe, Ni and Mo are dissolved in Zr matrix. There was 
a significant reduction in crystallite size (20-30 nm) and was also confirmed by 
TEM analysis. The size reduction of particle size was compatible with SEM and 
Particle size analyzer. Activation energy calculated for final milled powder 
obtained from dual drive ball mill was higher compared to planetary mill due to 
high induced strain caused by large impact energy.  
 
 Phase evolution by XRD analysis of conventional and spark plasma sintered 
products showed the presence of intermetallic phases (Mo2Zr, FeZr2, NiZr and 
Ni11Zr9) and (MoNi, FeNi, Ni3Zr, Mo3Zr and Fe3Zr) respectively along with 
dispersiods (TiO2/Y2O3). From bright and dark field TEM image and SAD 
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analysis, presence of different intermetallics of 10-30 nm size along with 
TiO2/Y2O3 (10-20 nm) throughout the matrix was confirmed. 
 
 Bulk mechanical properties of the present zirconium alloys consolidated by 
conventional sintering record high levels of hardness (5.1-7.0 GPa) and 
compressive strength (428-680 MPa) which are higher than that of similar alloys, 
developed via the melting casting route. The same set of zirconium alloys 
consolidated by spark plasma sintering was found to possess extremely high levels 
of compressive strength (825-1240 MPa) and hardness (10.38-16.85 GPa) due to 
partial liquid phase sintering and inherent mechanism of SPS process. Increasing 
dispersion amount improves the mechanical properties and TiO2 dispersion was 
found superior than Y2O3. 
 
 The wear behavior of the present alloys exhibited same trend as hardness and 
compressive strength in both the case of sintering techniques. The wear 
mechanism was found primarily of abrasive in nature. 
 
 Potentiodynamic polarization tests carried out in NaCl solution indicate that 
increase in TiO2 dispersion from 1 to 2 wt. % decreases the corrosion rate 
drastically. On the other hand the Alloy dispersed with Y2O3 shows continuous 
decrease in corrosion rate from 0 to 2 wt. % Y2O3. The results show that the alloys 
dispersed with Y2O3 has better corrosion resistance.  
 
 Sintered product prepared without dispersion shows marginally better oxidation 
resistance in terms of oxidation activation energy than that of samples sintered 
with addition of TiO2/Y2O3.  
 
After scrutinizing all the above mention points, characterization and results it can be 
summarized that dual drive ball mill was more efficient than planetary mill and SPS 
technique was found more efficient and advanced to produce product with better 
mechanical, oxidation and corrosion properties. It was also found that addition of TiO2 
and Y2O3 helps in enhancement of mechanical properties and effect of TiO2 was more 
prominent. Sample dispersed with Y2O3 displays better corrosion resistance, whereas, 
base alloy shows best oxidation property.  
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7.2 Scope for Further Research 
 
After investigating the corrosion and oxidation behaviour it was felt that long-term 
exposure tests are required for better understanding of high temperature behaviour of 
these zirconium alloys which can be used in nuclear and chemical applications.  
 
Furthermore, following studies can be carried out in future for better understanding of the 
developed zirconium alloys in service conditions: 
 
Hydrogen embrittlement: In pressurized water reactors at high temperatures, zirconium 
quickly reacts with water steam, gets oxidized and release hydrogen gas. This reaction 
causes hydrogen explosion. Some hydrogen diffuses into the zirconium alloy cladding 
material forms zirconium hydrides.  These hydrides can weaken the cladding material 
because of having lower ductility and density, causing problems like delayed hydride 
cracking (DHC). Delayed Hydride Cracking (DHC) is a form of localized hydride-
embrittlement phenomenon which, in the presence of a tensile stress-field, manifests itself 
as a sub-critical crack growth process. It is caused by hydrogen migration up the tensile 
stress gradient to the region of stress concentration.  So, for testing embrittlement due to 
hydrogen gas, Hydrogen Gas Embrittlement (HGE) test has to be done. 
 
Bent-beam stress relaxation: Measurement of irradiation creep of zirconium alloys using 
stress relaxation tests gives ability to estimate the in-reactor creep behaviour of zirconium 
alloys with different prior thermo-mechanical treatments. 
 
Neutron irradiation: Zirconium-based alloys are used widely for fuel cladding and other 
core components. Irradiation growth under fast neutron irradiation is the main source of 
dimensional change in zirconium alloys. Therefore, the effect of neutron irradiation of 
these alloys has to investigate further. 
 
Corrosion study: Zirconium is found to function well in handling and recycling of nitric 
acid, also used in the preparation of ammonium nitrate and many organic acids. For 
convenient use of zirconium alloys at high temperatures and concentration, corrosion tests 
have to be carried out in nitric acid, sulphuric acid and hydrochloric acid media.  
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